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Introduction

Tumor progression involves modulation of cell adhesion, differentiation, division,
apoptosis, angiogenesis as well as migration and metastasis. We have been studying a gene
family we term SIBLINGs (for Small Integrin-Binding Ligand N-linked Glycoproteins) that are
induced by certain neoplasms. Members of the SIBLING family include bone sialoprotein
(BSP), osteopontin (OPN), dentin matrix protein (DMP1), dentin sialophosphoprotein (DSPP),
and matrix extracellular phosphoglycoprotein (MEPE). Our published work has shown that BSP
and OPN are extended and flexible in solution (such lack of ordered structure is shared by a
number proteins that have multiple binding partners) [1]. SIBLINGs can bind integrins including
avfs via their RGD sequence [2-4]. OPN and DMPI can also bind CD44 (via an amino terminal
domain) [5-7]. SIBLINGs can bind to complement Factor H and sequester it to the cell surface
thereby regulating complement-mediated cell lysis [7, 8]. More recently we have shown that
SIBLINGs can bind to and modulate the activity of specific MMPs [9]. It is our hypothesis that
SIBLINGs promote breast cancer progression through neoplastic expression of SIBLINGs that
bind to and modulate the activity of specific MMPs. MMPs play multiple roles in tumor
progression including: angiogenesis; processing and presentation of certain growth factors; and
metastasis. We further hypothesize that SIBLINGs are biologically plausible surrogate endpoint
markers for cancer detection.

The goal of the current research is to develop SIBLINGs as serum measures for use in
breast cancer detection, by determining the distribution of their serum levels in a breast cancer
patient population before and after treatment, a large normal (cancer-free) population, and a
patient population at risk for developing breast cancer. Serum levels of gene family members in
normal and breast cancer patients will be used to establish the sensitivity, specificity and
predictive value of these markers in breast cancer. In patients with defined breast cancer, serum
levels will be correlated with stage, prognosis and response to treatment. This research will
determine whether serum SIBLING levels have high sensitivity (low false negative rate) and
high specificity (low false positive rate), can be analyzed in a general laboratory setting (does not
require highly specialized procedures/equipment), and enable early detection.

Body
Overview:

As of the end of the third year of this grant, almost all Tasks have been completed. We
have yet to be unblinded as to staging (TNM scores) and outcome data for the subjects from
whom the serum samples were derived, hence Task 2¢ (analyzing for clinical correlation
between serum SIBLING levels and cancer stage, prognosis, tumor burden and response to
treatment) has not been completed. The refinement of the immunoassay methodology (Task 3 -
migration to sandwich-based assays) has been expanded to include streamlining sample
preparation/extraction (see below). A no cost extension was requested and granted to enable
additional time and effort to be applied to completing Task 3 so that all data from the
immunoassays (competitive and sandwich-based ELISAs) will be locked down prior to
unblinding and completion of Task 2c¢. Three papers were published during the current reporting
period and are included in the Appendix.
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During the current reporting period and on the strength of data generated from our studies
of SIBLING biology, the P.I. successfully applied for sponsored funding for a study examining
potential racial differences in the SIBLING expression pattern in African American versus
Caucasian women. The P.I. also successfully applied for funding from the Department of
Defense to develop the SIBLING DSPP as a biomarker for prostate cancer progression.

Original Statement of Work:
The tasks outlined in the original Statement of Work for the first year were to:

Task 1. To complete development of competitive ELISA for the SIBLINGs DMP1 and MEPE
(Months 1 - 6):
a. Develop adenovirus expression vector for expressing recombinant human MEPE.
b. Perform checkerboard assays to determine optimum antigen coating and antibody
concentrations for MEPE and DMP1.
c. Determine precision and yield of these new assays.

Task 2. To determine the distribution of serum SIBLING (BSP, OPN, DMP1 and MEPE) levels
in serum obtained from normal donors and breast cancer patients (Months 7 - 24).
a. Measure BSP, OPN, DMP1 and MEPE in a normal population, breast cancer patients and
a population at risk for breast cancer.
b. Determine sensitivity and specificity and perform ROC analysis.
¢. Test for clinical correlation between serum SIBLING levels and cancer stage, prognosis,
tumor burden and response to treatment.

Task 3. To refine the existing competitive ELISA assay systems to more rapid sandwich-based
assay systems and verify previous results (Months 24 — 36).
a. Screen monoclonal antibodies for utility in OPN, DMP1and MEPE assays.
b. Employ checkerboard assays to define optimum capture antibody coating, second antibody
concentration and incubation time.
¢. Re-analyze normal and breast cancer patient sera using the new sandwich based assays.

Progress:

In the previous annual report we gave the results of the competitive assays for BSP, OPN,
DMP1 and DSPP in large number of serum samples from normal and breast cancer subjects.
Intrinsic to our study design is that the laboratory is blinded to staging data on the subjects from
whom the breast cancer serum samples were drawn. The plan is to complete the “refined”
immunoassay measures (sandwich ELISAs as well as alternative sample preparation/extraction),
“lock down” the raw data and results and only then will the study be unblinded in terms of
staging, and the association of SIBLING levels and tumor stage assessed.

A number of issues arose in the past year concerning the current immunoassays. One
issue is that stability tests over the past year revealed a change occurred in microtiter plate
chemistries. We have had to switch microtiter plate manufacturer’s (from Greiner Bio-One high
binding plates to Costar ELISA/RIA high binding plates. This was necessitated by a change in
Greiner’s manufacturing process that altered the surface charge/properties of their plates that
adversely effected SIBLING protein binding. We re-screened a number of manufacturer’s 96

5




DAMD17-02-1-0684 P.I.: N.S. Fedarko

well plates to obtain binding profiles and standard curves closes to those obtained with the “old”
plates.

A second issue arises from the nature of the serum sample preparation prior to the
immunoassay. Because SIBLINGs are bound in blood/serum/plasma to complement Factor H
(very abundant at ~ 0.5 mg/ml), to detect the SIBLINGs we need to disrupt the complex. The
complex is disrupted through a combination of chaotropic agents, heating and reduction so that
sample clean-up prior to the immunoassay is required. We have been investigating alternative
methods of sample preparation and clean-up for their yield and speed (the current standard
method uses dithiothreitol reduction in a chaotropic buffer followed by strong anion exchange
chromatography to remove reducing agent and chaotropic buffer. We have been developing an
alternative method of disruption of the SIBLING serum complex. This method involves
displacement of the SIBLING through the preteatment of serum with a buffer containing sialic
acid and mucin. The advantage of such an approach is that after a brief pretreatment, the serum
can be taken directly to either the competitive ELISA or the sandwich-based assay.

Summary of Research

During the course of developing and testing the immunoassay for the SIBLING MEPE,
novel observation were made on its levels, distribution as well as physiological correlations. In
the paper by Jain et al. (Appendix I, [10]), we have shown that a) significant levels of MEPE in
the serum of normal humans can be measured, (b) a clear age-related decrease in serum MEPE
levels, (c) a positive correlation between MEPE and phosphorus, a inverse correlation with
parathyroid hormone, and (d) a significant positive correlation with total hip and neck bone
mineral density. While this study demonstrates the association of serum MEPE levels with serum
phosphate, PTH and bone mineral density, it does not address causality. In the very least, the

results suggest that MEPE may be an interesting marker of normal human bone and mineral
metabolism.

Given what we now know about SIBLING and MMP biology, experiments were
designed to address whether biologically and physiologically relevant complexes of SIBLING +
MMP + cell surface receptor could be measured (Appendix II, [11]). Studies were performed to
demonstrate that BSP interacted with MMP-2 and cell-surface integrin o,f; to form a
trimolecular complex as shown by immunoprecipitation, flow cytometry, and in situ
hybridization. Enhanced invasiveness of breast cancer cells by BSP addition was shown to
require ayPs and MMP-2 and the formation of the trimolecular complex at the membrane surface

[11].

The expression levels of five SIBLING gene family members — BSP, OPN, DMPI,
MEPE, and DSPP as well as certain MMPs were determined using cancer profiling arrays
containing normalized cDNA from both tumor and corresponding normal tissues from 241
individual patients representing 9 distinct cancer types (Appendix III, [12]). Significantly
elevated expression levels were observed for BSP in cancer of the breast, colon, stomach,
rectum, thyroid and kidney; OPN in cancer of the breast, uterus, colon, ovary, lung, rectum, and
thyroid; DMP1 in cancer of the breast, uterus, colon and lung; DSPP in breast and lung cancer.
The degree of correlation between a SIBLING and its partner MMP was found to be significant
within a given cancer type (e.g. BSP and MMP-2 in colon cancer, OPN and MMP-3 in ovarian
cancer; DMP1 and MMP-9 in lung cancer). The expression levels of SIBLINGs were distinct
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within subtypes of cancer (e.g. breast ductal tumors compared to lobular tumors). SIBLING
expression increased with cancer stage for breast, colon, lung and rectal cancer [12].

The biological and biochemical consequences of SIBLING modulation of MMP activity
were investigated by measuring the effect of BSP on the inhibition kinetics of MMP-2 by TIMP2
or by a small molecular weight inhibitor illomastat (Appendix IV, [13]). In this study, the
hypothesis that BSP acts biologically to lessen the effectiveness of MMP inhibitors was
investigated. Solution and solid phase binding assays were carried out demonstrating that
binding between recombinant BSP and latent as well as active MMP-2 does not require the

hemopexin domain. BSP binding restored activity to hemopexin-deleted MMP-2 inhibited by

tissue inhibitor of matrix metalloproteinase-2 (TIMP2) when activity was measured using both
natural, large macromolecular substrates and synthetic, small molecular weight, freely diffusable
substrates. BSP effects on TIMP2 inhibition of wild type active MMP-2 were quantified by
varying small molecular weight substrate concentrations at different fixed inhibitor
concentrations, and solving a general linear mixed inhibition rate equation with a global curve
fitting program. The results indicate an ~ 20-fold increase in the competitive inhibition constant
and an ~ 10-fold increase in uncompetitive inhibition constant for the MMP-2+BSP complex. To
address whether the failure of clinical trials of MMP inhibitors may be explained at least in part
by the activity of BSP, the effect of BSP binding to MMP-2 on inhibition by a small molecular

weight drug (illomastat) was similarly determined. An over 10-fold increase in K; was observed
[13].

The ability of BSP to modulate MMP inhibitor action in an in vitro angiogenesis model
system was tested. The in vifro model of angiogenesis utilized human umbilical vein endothelial
cells (HUVECs) co-cultured with normal adult human diploid dermal fibroblasts. The
endothelial cells form small islands amongst the fibroblasts, proliferate, and migrate through the
co-culture matrix to form thread-like tubule structures. These cord-like structures join up to form
a network of anastomosing tubules. These linked tubules produce endothelial cell-specific
components such as PECAM-1 (CD31) that can be stained immunohistochemically and
quantified. When human umbilical vein endothelial cells were treated with either nM TIMP2 or
illomastat, the degree of tubule formation was reduced while the addition of equimolar BSP
restored vessel formation. [13]. The observed effects of BSP (stimulating basal tubule formation
and restoring formation to TIMP2- or illomastat-inhibited cultures) was consistent with BSP
modulating MMP-2 activity. Profiling MMP-2 levels and activity in the in vitro system (by
zymography and fluorescent substrate assays) demonstrated changes with BSP treatment. Thus,
BSP has biochemical and biological plausibility to be playing an active role in tumor progression
in vivo. BSP is induced by multiple neoplasms in vivo and its modulation of MMP inhibition
might contribute to the relative lack of efficacy seen in the recent clinical trials of MMP
inhibitors in numerous cancers [13].
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Key Research Accomplishments
Assay Development:

» Competitive ELISAs
v' implemented for BSP, OPN, DMP1, DSPP and MEPE.

» Indirect sandwich-based ELISAs
v implemented for BSP, OPN, DMP1, and DSPP.

» Alternative serum processing

v" Replacing sample reduction & column chromatography with “displacement
reagent” treatment of serum.

Assay Application:

> Competitive ELISAs of normal and breast cancer sera completed

Submitted Manuscripts

» Jain, A., Fisher, L.W. and N.S. Fedarko. (2005) Bone Sialoprotein Binding To Matrix
Metalloproteinase-2 Alters Enzyme Inhibition Kinetics. J. Biol. Chem.

Meeting Abstracts

» Jain, A., Fisher, L.W. and N.S. Fedarko Small Integrin Binding Ligand N-Linked
Glycoproteins (SIBLINGs) Bind and Activate Matrix Metalloproteinases. Era of Hope
2005 Department of Defense Breast Cancer Research Program Meeting. June 9™, 2005,
Philadelphia, PA (Appendix V)

» Jain, A., Fisher, L. W. and N.S. Fedarko. Small Integrin Binding Ligand N-Linked
Glycoprotein (SIBLING) Gene Family Expression In Breast Cancer. Era of Hope 2005
Department of Defense Breast Cancer Research Program Meeting. June9™, 2005,
Philadelphia, PA (Appendix VI)

> Fedarko, N.S,, Fisher, L.W. and A. Jain, Small Integrin Binding Ligand N-Linked
Glycoproteins Modulate Matrix Metalloproteinases and Angiogenesis. Era of Hope 2005
Department of Defense Breast Cancer Research Program Meeting. June 9™ 2005,
Philadelphia, PA (Appendix VII)
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Reportable Outcomes
. ¢ Publications '

> Jain, A., Fedarko, N.S., Collins, M.T., Gelman, R., Ankrom, M.A., Taybéck, M.,
and L.W. Fisher. (2004) Serum levels of matrix extracellular phosphoglycoprotein
(MEPE) in normal humans correlate with serum phosphorus, parathyroid
hormone and bone mineral density. J. Clin. Endo. Metab.89(8):4158-4161.

» Karadag, A., Ogburke K.U.E. , Fedarko, N.S., and L.W. Fisher. (2004) Bone
sialoprotein promotes invasion by osteotropic cancer cells in vitro by bridging
MMP-2 to aVB3 integrin. J. Natl. Cancer Inst. 96:956-965.

» Fisher, L.W., Jain, A., Tayback, M., and N.S. Fedarko. (2004) Small Integrin
Binding Ligand N-Linked Glycoprotein (SIBLING) gene family expression in
different cancers. Clin. Cancer Res. 10(24): 10:8501-8511.

¢ TInvited Presentations:

> “The SIBLING gene family promotes tumor progression.” 2004-2005 Johns

Hopkins University Oncology Translational Research Conference, November 3rd,
2004, Baltimore, MD.

» “SIBLING modulation of matrix metalloproteinases and tumor progression.” 2nd
National Meeting of the American Society for Matrix Biology. November 12,
2004, San Diego, CA.

» “What do bone proteins have to do with tumor progression?” The Sidnéy Kimmel
Comprehensive Cancer Center At Johns Hopkins Longrifles Seminar Series,
March 2nd, 2005, Baltimore MD.

* Funding Applied For

> NCI, NIH 1 R01 CA113865. “Small integrin-binding proteins and tumor
progression.”

* Funding Received

> Howard/Hopkins Partnership in Cancer ,NCI Minority Institution/Cancer Center
Partnership, “Molecular Analysis of Co-Expression of Matrix Metalloproteinases
and SIBLINGs in African American —vs- Caucasian Women.”
Agnes A. Day, Ph. D. (Howard University P.I.) & Neal S. Fedarko, Ph. D. (Johns
Hopkins University P.1.)

» DOD/CDMRP. HSRRB No. a-13026 (Proposal No. PC040013), “Prostate Cancer
Progression and Serum SIBLING (Small Integrin Binding N-linked Glycoprotein)
Levels.”
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Conclusions

Summary. The development of competitive ELISAs and sandwich-based ELISAs to measure
serum levels of SIBLING gene family members has been a necessary requirement in order to
evaluate the utility of these potential markers in breast cancer detection. These assays have been
developed and implemented. As reported previously, serum levels of SIBLINGs were found to
be elevated in most breast cancer subjects. The final refinement of the assay system (improving
sample processing/disrupting the SIBLING-Factor H complex in serum) and reanalysis of
samples by ELISA will be completed by early Fall of 2005, enabling the completion of the
statistical analysis and clinical correlation between serum SIBLING levels and cancer stage,
prognosis, tumor burden and response to treatment.

What we will have learned. There currently does not exist a serum marker that can be used to
detect breast cancer at an early stage. Because of evolving knowledge concerning both the
biological actions of SIBLINGs (modulating MMPs) and their serum levels and tumor tissue
expression, members of the SIBLING gene family hold promise as biomarkers for early cancer
detection. The completion of the research described in this progress report and in the original
grant application will enable the utility of these breast cancer biomarkers to be defined. Once
completed, the groundwork will be laid for subsequent clinical trials of these biomarkers. A
further byproduct of the research conducted so far, is an expansion of our understanding of the
basic biology involved in tumor progression, identification of novel alternative methods of MMP
activation and of potential pathways for therapeutic intervention.
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APPENDIX I

Serum Levels of Matrix Extracellular Phosphoglycoprotein (MEPE) in
Normal Humans Correlate with Serum Phosphorus, Parathyroid Hormone

and Bone Mineral Density.

A.JAIN, N.S. FEDARKO, M.T. COLLINS, R. GELMAN, M.A. ANKROM, M. TAYBACK

AND L.W. FISHER

Division of Geriatric Medicine, Department of Medicine, Johns Hopkins University, Baltimore, MD 21224 (A.J,
N.S.F., MA.A); General Clinical Research Center, Johns Hopkins Bayview Medical Center, Baltimore, MD
21224 (NS.F.,, R.G., M.T); Craniofacial and Skeletal Diseases Branch, National Institute of Dental and
Craniofacial Research, National Institutes of Health, DHHS, Bethesda, MD 20892 (M.T.C., L.W.F.).

ABSTRACT. Matrix extracellular phosphoglyco-
protein (MEPE), a2 member of the Small Integrin
Binding Ligand N-linked Glycoprotein (SIBLING)
family, is primarily expressed in normal bone and has
been proposed as a phosphaturic factor because of
high expression and secretion in oncogenic
hypophosphatemic osteomalacia tumors. In order to
begin to address the role of MEPE in normal human
physiology, we developed a competitive ELISA to
measure serum levels of MEPE. The ELISA was used
to characterize the distribution pattern in a population

consisting of 114 normal adult subjects. The mean
value of MEPE was 476 + 247 ng/ml and levels
decreased significantly with increasing age. MEPE
levels were also significantly correlated with serum
phosphorus and parathyroid hormone (PTH). In
addition, MEPE levels correlated significantly with
measures of bone mineral density in the femoral neck
and total hip in a subset of 60 elderly subjects. The
results are consistent with MEPE being_involved in
phosphate and bone metabolism in a normal
population.

Introduction

Matrix extracellular phosphoglycoprotein
(MEPE), is a member of the SIBLING gene family (1,
2). Other family members include bone sialoprotein
(BSP), osteopontin (OPN), dentin matrix protein-1
(DMP1), and dentin sialophosphoprotein. The family

. shares the RGD integrin-binding motif, several

conserved phosphorylation and N-glycosylation sites,
a common gene structure and chromosomal
localization (4q21).

Normal MEPE expression has been described
primarily in bone marrow, brain (3) and bone (4),
while tumors which cause hypophosphatemic
osteomalacia exhibit high expression and secretion (3).
MEPE has consistently been linked with
mineralization and bone formation associated with
bone mineral (3-6). Whether MEPE plays a role as a
positive or negative regulator of bone formation in
humans remains unclear. The current study was
undertaken to determine the distribution of MEPE in
normal donors and to correlate the values with other
biomarkers of bone metabolism as well as measures of
bone mineral density (BMD).

Methods

Subjects. Sera from clinically defined normal patients
were obtained under IRB approved protocols from a
commercial serum bank (East Coast Biologicals, Inc.,
North Burwick, ME) as well as from the Johns
Hopkins Bayview Medical Center General Clinical
Research Center (JHBMC). The JHBMC normal
group was obtained from an existing serum bank using
samples from which all patient identifiers were
removed.

Received 11/25/03. Accepted 3/22/04.

Cloning and expression of MEPE. The last exon of
human MEPE constitutes 95% of the mature protein as
defined by Rowe et al. (3). The last exon was
amplified by PCR from human genomic DNA using a
5" oligonucleotide with a Ndel restriction site
engineered in (AGTACCCATATGAAAGACAATA-
TTGGTTTTCACCAT) and a 3' oligonucleotide with a
BamHI site (CTGATGGGATCCCTAGTCACCAT-
CGCTCTCAC). The ~1.5 kbp PCR product was gel
purified, digested with Ndel plus BamHI, ligated into
pET15b expression vector (Novagen, Madison, WI)
digested with the same restriction enzymes. After
transfection into BL-21 (DE3) E. coli cells, a high
expression colony was selected and used to produce
the MEPE protein by stimulation with IPTG. The
MEPE protein in the apparent inclusion bodies was
purified in 6 M urea on a HisBind resin column
(Novagen) following the manufacturer's instructions.
The eluted fraction was dialyzed exhaustively against
0.1 M ammonium acetate at 4°C and freeze-dried.
Four ~200 pg aliquots of the highly purified MEPE
were injected into a New Zealand white rabbit to make
antiserum LF-155.

Serum sample preparation and competitive ELISA
procedure. The SIBLINGs BSP, OPN and DMP1 are
complexed with complement Factor H in human
serum (7, 8). We have developed competitive ELISAs
for measuring the BSP and OPN that requires
disruption of the serum complex between the
SIBLING and' complement Factor H (9). For the
current study, serum samples for use in ELISA
analyses were processed in a chaotropic buffer exactly
as described (9). The MEPE competitive ELISA
developed utilized the same plates, buffers, and
protein standard concentrations, secondary antibody
concentrations, as well as substrate color reagents as
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previously described (9). The only changes to the
ELISA steps were that plates were coated with 10
ng/well recombinant MEPE and the primary antibody,
LE-155, was employed at a 1:200,000 dilution.

Western blotting. Sampies diluted in gel sample buffer
were resolved by Tris/glycine SDS 12% polyacryl-
amide gels (Invitrogen, Inc., Carisbad. CA) and
transferred to nitrocellulose following standard
conditions {10). Nitrocellulose membranes were rinsed
with Tris-huffered saline-Tween (TBS-Tween, 0.05 M
Tris-HCI, pH 7.5, 0.15 M NaCl containing 0.05%
Tween 203 After a 1 h incubation in TBS-Tween +
5% non-fat powdered milk at room temperature, a
1:20,000 primary antibody (polyclonal antibody LF-
155) was incubated overnight at 4 9C. The blot was
washed in TBS-Tween four times for § min with TBS-
Tween and then HRP-conjugated goat anti-rabbit 1gG
(1:2,000) in TBS-Tween + 5% milk was added and
incubated for 2 h at room temperature, After washing,
cnhanced chemiluminescence reagents were employed
for signal detection (Pierce Chemical Co., Chicago,
1L} with x-ray film.

DEXA measurements. BMD was measured i the bip,
spine and proximal femur using the Hologic QDR
1004 scanner (Hologic Corp.. Waltham MA). The
precision of this machine is LB% + 0.05%. Mean
values for total hip and spine were obtained, as were
BMD values for neck and trochanter in the left
proximal femur,

Serum and urine biochemical measures. Blood
samples were drawn in the moming after an overnight
fast. Serum bone biochemical measurements included
bone-specific alkaline phosphatase (Hybritech, San
Diego, CA), osteocalein {Immunotopics, San
Clemente, CA), procollagen type 1 carboxy-terminal
propeptide (DiaSorin Stillwater, MN}, intact PTH
(Nichols Institute, San Juap Capistrano, CA}, and 25
hydroxy vitamin D (DiaSorin). The excretion of
deoxypyridinoline crosslinks (Quidel Corp. San
Diego, CA) and cross-linked amino-terminal
telopeptides (OSTEX International, Seattle, WA) were
assayed in 2-hour, second-void morning urine
specimens. The values for cross-links were normalized
to urinary creatinine assayed using the Jaffe Rate
method and a Beckman Creatinine Analyzer 2 (11).
Serum inorganic phosphorus was measured using
standard chinical methods (12). The performance
characteristics of the immmunoassays as carcied out in
our laboratory are given in Table L

Results

Previous work has demonstrated that the
SIBLINGs BSP, DMPI and OPN were bound to
complement Factor H in serum (7, 8). Disruption of
the serum complex required heating in a chaotropic
buffer containing reducing agent, followed by a
column step to clcan up the sample (9). The same
disruption procedure was used on serum samples from
elderly and voung adult donors and MEPE was
detected by western blot. Immunoreactive bands
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shifted in migration with reduction and younger
donors appeared fo have more MEPE present (Fig. 1a
and b). The amount of MEPE present in sera from 114

Cdifferent normal subjects was analyzed. A

reproducible standard cerve profile combining 34
different analyses performed over the past two years
was obtained (Fig. 1c}. MEPE values guantified by
ELISA paralleled semi-quantitative results obtained
from western blots (Fig/ lc, insct).
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Figure 1, MEPE is preseat in human serum. (4)
Unreduced (lane 2) and reduced (lane 3) serum
samples from normal donors were anatyzed for the
presence of MEPE by western blot. Molecular weight
standards were run in ane 1, (b) Samples derived from
different age donors analyzed by western blot. Lane 1,
standards; lanes 2, 3 & 4 contained 60, 24 and 78-
year-old normal dosor serum, lane 5, recombinant
MEPE (lacking glycosylation). (¢} Competitive ELISA
profile; inset, representative correlation of western blot
band intensity with ELISA resubs. (@) The distribution
of MEPE (bars) in 114 normal subjects. Solid line
represents the normat Gaussian distribution,

Addition of recombinant MEPE to seram
samples prior to reduction, column chromatography
and competitive ELISA yielded an average recovery
of B8 % based on three different trials, The inter-assay
coefficient of variance for repetitive measurements on
the same serum sample was 19.4% (n = 6), while the
intra-assay coefficient of variance was 12.6% (n = 12).
The major source of this variance was tracked to the
column chromatography step. Repeated measures of
post-reduction and column samples gave rise 0 a
coefficient of variance of 7.9%. The measure of MEPE
tevels in normal subject-derived serp revealed a
distribution with a slight hook at the low end (Fig. 1d).

When MEPE levels were plotted versus the
age of the subject, the reason for the low end hook to
the distribution of normatl values became apparent.
MEPE cxhibited a significant age-related decrease in
level, (Fig. 2a). The population analyzed possessed a
sufficient number of subjects > 60 years of age, where
MEPE levels are 172 10 1/3 those of younger adults, o
account for the increased distribution at low MEPE
fevels. Serum measures of markers of bone

metabolism were also performed on normal subjects.

Comparing MEPE levels with serum values of bone-
specific alkaline phosphatase, procollagen type I
carboxy-terminal propeptide, 25-hydroxy vitamin D,
osteocalein, and urine levels of collagen cross-link
markers revealed no significant correlation (data not
shown). .
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_Table L. Immunoassay Performance and Study Population (‘Iuaracmmms

Amis te wean x 5.4, umits range %OV atia- *\ssa} GOV inter-assay
bone-specific alkaline phosphatase 112242 ngfmb 50-28 549 583
deaxypyridinotine crosstinks 31220 aMmMCr 17-13 6.00 416
Noerminal telopeptides 3132133 BCEAWM Cr 52642 828 4.00 .
osteocalein 32+19 ngfml 2.1-102 4558 610
procoflagen type 1 C-terminal propeptide 1339 =45 nghm! 10.7 - 289 2.4 4.38
intact parathyrold hormone EXNES 3t pefmnl 32942 244 5.95
25-hydvoxy vivamin D M5£93 ngfml 146~ 62.6 5.19 7.80
MEPE 4760 + 247 ngfnl 190 - 1269 12.60 1240
study male (8 = 64) 60 ¢ 20 years 21 - 87
population  female {5 = &} 35412 years 35-62

BMD group (n = 6{} 6311 years S - 82

Because MEPE has been proposed to play
role in phosphate metabolism, we next investigated
seruin levels of PTH and inorganic phosphorus. Using
a third generation commercial imtact PTH assay, the
PTH levels were found to be significantly negatively
correlated with serum MEPE values (Fig. 2b). The
seram levels of intact PTH showed no correlation with
donor age (data not shown), suggesting that the
association of MEPE and PTH was age-independent.
The levels of serum phosphate in the same donors was
significantly positively correlated (r* = 0,35, p <
0.0001) with serum MEPE values (Figure 2b, inset).
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Figure 2. MEPE levels in serum correlate with age (a}
and parath}rmd hormone levels (b). Serum inorganic
phosphorus fevels were also determined (inset).
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Figure 3. MEPE serum levels correlate with BMD
values for total hip {a) and femur neck (b}.

Ir addition to scrum and urine markers of
bone metabolism, BMD measurements were obtained
on a subset of normal subjects (n = 60). The BMD
values (g/em®) determined were analyzed for
correlation with MEPE levels in the corresponding
subject’s serum (Fig. 3). MEPE levels were
significantly positively correlated with bone mingral
density valses for total hip and femur neck. MEPE
fevels were also correlated with femur trochanier
BMD (F = 0.13, p £ 0.01), while the correlation with
total spine BMD did not veach statistical significance
(data not shown). The correlation of serum MEPE

levels with BMD was still significant when adjusted
for subject age using multiple regression analysis and
StatView software (SAS Institute, Inc)

Discussion

MEPE and its rodent homologue, OF43, have
heen implicated in bone and mineral metabolism (3, 4,
13). The increase in bone density found in the OF43
knockout mouse in the presence of normal serum
phosphorus and caleium without evidence of a
mineralization defect, suggests that i may have a
direct effect on bone formation (6). In that report, the
MEPE knockout animal had, what is for a gene
kaockeut model, a relatively subtle increase in the
amount of bone. While histomorphometric analysis
was performed, there were no data on the parameters
of mineralization (osteotd thickness, ete)), only
formation and resorption. Elevated levels of MEPE
mRNA expression by tumors from patients with
hyp()phosphdlcmi'\ and osteomalacia suggested that it
may be involved in mineral homeostasis, The control
of systemic phosphate homeostasis is incompletely
understood, Key modulators include PTH, calcium,
phosphorus, vitamin D, as well as novel
phosphatonin(s), and the bone and kidney organs.
Candidate phosphaturic factors include MEPE; PHEX,
a putative endopeptidase believed to process factors
regulating bone mineratization and renal phospbhate
reabsorption (3); FGF23, a phosphaturic factor in
fibrous dysplasia (14}, tumor-induced osteomalacia
and autosomal-dominant hypophosphatemic rickets
(18, 16) amd secreted frizzled-related protein 4, an
antagonist of renal Wnt-signaling (17). These
phosphate regulators remain 1o be fully characterized
both individually, and in their interactions which will
fead to the description of 2 new hormonal pathway.

Demonsization of significant levels of MEPE
in the serum of normal humans, as well as a clear age-
related decrease suggest that MEPE may be an
interesting marker of normal human bone and mineral
metabolism. While the positive correlation between
MEPE and phosphorus might suggest an anti-
phosphaturic effect, it may represent a secondary
responst to higher serum phosphorus levels. This idea
is supporied by the significant correlation of serum
MEPE levels with the important constituents of
mineral metabolism seram, PTH and phosphorus. The
refationships between serum MEPE and PTH, MEPE
and phosphorus, and phosphorus and PTH are all
internally consistent, and the relationship between
phosphoras and PTH is consistent with established
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physiology. The correlation of MEPE levels with
BMD suggests that it may be involved in
mineralization in the human. The finding that MEPE
is low in aged patients, when BMD is lower, and that
MEPE levels are higher when BMD is high is
corroborative, and suggests that these findings in
humans are of physiologic significance. Two recent
studies have provided contrasting data on the
biological activity of MEPE. Recombinant MEPE
promoted renal phosphate excretion in mice and
inhibited BMP2-mediated mineralization in a mouse
osteoblasts cell line (18). The inhibitory action was
mapped to the carboxy terminal region of the
molecule. In a second study, a peptide fragment
corresponding to the RGD-containing mid region
stimulated new bone formation in neonatal mouse
calvarial organ culture and increased osteoblast
proliferation and alkaline phosphatase activity (19).
Our current study demonstrates the association of
serum MEPE levels with serum phosphate, PTH and
bone mineral density but does not address causality.
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APPENDIX II

Bone Sialbprotein, Matrix Metalloproteinase 2, and
o35 Integrin in Osteotropic Cancer Cell Invasion

Abdullah Karadag, Kalu U. E. Ogbureke, Neal S. Fedarko, Larry W. Fisher

Background: Bone sialoprotein (BSP) interacts separately
with both matrix metalloproteinase 2 (MMP-2) and inte-
grin o f3; and is overexpressed in many metastatic tu-
mors. Its role in tumor biology, however, remains unclear.
We investigated whether BSP enhances cancer cell inva-
siveness by forming a trimolecular complex with MMP-2
and cell-surface integrin o B;. Methods: Invasiveness of
breast, prostate, lung, and thyroid tumor cell lines was
measured with a modified Boyden chamber assay. Binding
and co-localization of BSP, MMP-2, and integrin o B,
were investigated with immunoprecipitation and in situ
hybridization. All statistical tests were two-sided. Results:
Treatment with BSP increased invasiveness of many
breast, prostate, lung, and thyroid cancer cells through
Matrigel in a dose-dependent manner. BSP at 50 nM
increased the invasiveness of SW-579 thyroid cancer cells
(95.2 units, 95% confidence interval [CI] = 90.4 to 100
units) by approximately 10-fold compared with that of
untreated control SW-579 cells (9.1 units, 95% CI = 5.7 to
12.5 units) (P<.001). Addition of an inactive mutated BSP,
in which BSP’s integrin-binding RGD tripeptide was al-
tered, or addition of integrin o, B;-blocking antibodies
resulted in invasiveness equivalent to that of untreated
cells. Inhibiting cellular MMP-2 activity with chemical
inhibitors or a specific antibody also blocked BSP-
enhanced invasiveness. Osteopontin and dentin matrix
protein 1, proteins related to BSP that also bind integrin
a,B; and form complexes with other MMPs (but not
MMP-2), did not enhance invasiveness, Immunoprecipita-
tion showed that a complex containing BSP, integrin o, B,
and MMP-2 formed in vifro. Addition of BSP increased
the amount of MMP-2 bound by cells in an integrin-
dependent fashion. Co-expression of BSP, integrin o, (3,
and MMP-2 in papillary thyroid carcinoma cells was
shown by in situ hybridization. Conclusion: Cancer cells
appear to become more invasive when BSP forms a cell-

956 ARTICLES

surface trimolecular complex by linking MMP-2 to inte-
grin o B;. {J Natl Cancer Inst 2004;96:956—65]

The members of the SIBLING (small integrin-binding ligand
N-linked glycoprotein) family of secreted proteins contain an
integrin-binding tripeptide (arginine-glycine-aspartate, or RGD)
and several conserved serine/threonine (Ser/Thr) phosphoryla-
tion and N-glycosylation sites. SIBLINGs include bone sialo-
protein (BSP), osteopontin, dentin matrix protein 1 (DMPI),
dentin sialophosphoprotein, and matrix extracellular phospho-
glycoprotein (1). Genes for all of these SIBLINGs are clustered
within a 375 000 base-pair (bp) region of human chromosome 4
(chromosome 5 in the mouse) (2). SIBLING expression is nor-
mally restricted to skeletal tissues in adults but also includes
trophoblasts during embryonic development (3—5). Osteopontin
is an exception, being expressed in normal kidney (6), lactating
breast (7), and immune cells (8). BSP normally interacts only
with cell-surface integrins, such as integrin o, 8 (also known as
the vitronectin receptor), whereas osteopontin and DMP1 bind to
both integrins and CD44 (9-13).

BSP is overexpressed by many malignant tissues, including
breast (14), prostate (135), lung (16), and thyroid (17) cancers and
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melanoma (18). BSP expression has been associated with clin-
ical severity and poor survival among patients with breast cancer
(19) or with prostate cancer (15). Recently developed serum
immunoassays for BSP and osteopontin show that serum from
patients with breast, lung, colon, or prostate cancer had statisti-
cally significantly elevated levels of BSP and/or osteopontin
(20). However, the role of BSP in these cancers is unclear.

Matrix metalloproteinases (MMPs), a class of zinc-dependent
endopeptidases, are collectively capable of digesting all extra-
cellular matrix components. In addition to their role in normal
tissue development and remodeling, MMPs appear to play major
roles in tumor cell invasion and metastasis (21). Although the
mechanism by which tumors invade surrounding tissues is not
completely understood, MMPs may play an important role by
removing physical barriers to invasion. In particular, MMP-2
(gelatinase A) and MMP-9 (gelatinase B) degrade extracellular
matrix macromolecules in basement membranes and other in-
terstitial connective tissues (22). Active MMP-2 can localize to
the cell surface by binding directly to integrin a B, (23), and
proteolytically active MMP-9 can associate with CD44 (24),
thereby focusing proteolytic activity on the cell membrane at the
leading edge of the invasive cell.

The integrins are a family of transmembrane receptor proteins
composed of heterodimeric complexes of a and B chains (25).
There are 18 o and eight B chains, and these chains can dimerize
to form at least 25 different complexes, each binding to a
specific set of ligands. For example, integrin o 3, binds to BSP,
osteopontin, and DMP1. In addition to regulating cell adhesion
to the extracellular matrix, integrins modulate many cellular
processes including proliferation, apoptosis, migration, and in-
vasiveness by activating various signaling pathways (26). Some
integrins are overexpressed in malignant tumors. For example,
integrin « B is expressed at the invasive front of malignant
melanoma cells and on angiogenic blood vessels (27). The level
of integrin o, 5 expression in breast cancers is associated with
the aggressiveness of the disease (28).

It is generally accepted that latent pro-MMPs are enzymati-
cally activated by removal of their inhibitory propeptide. BSP,
osteopontin, and DMP1 bind with nanomolar affinity to the
latent and active forms of MMP-2, MMP-3, and MMP-9, re-
spectively. When purified SIBLINGs are incubated with their
pro-MMP partners, increased proteolytic activity is detected
(29). Therefore, we hypothesize that one or more SIBLINGs
increase the invasiveness of cancer cells by interacting with their
specific MMP and integrin partners. To test this hypothesis, we
used a modified Boyden chamber cell invasion assay, as de-
scribed previously (30), to measure the invasiveness of various
cancer cell lines through a layer of Matrigel (a mixture of
basement membrane components), and we determined whether
BSP increases the invasiveness of cancer cells by forming a
trimolecular complex in which BSP acts as a bridge to link
MMP-2 to integrin o, ;.

MATERIALS AND METHODS
Materials

Human breast cancer cell lines MDA-MB-231 (HTB-26),
MDA-MB-435S (HTB-29), BT-474 (HTB-20), and MCF-7
(HTB-22); human prostate cancer cell lines PC-3 (CRL-1435),
LNCaP (CRL-1740), and DU-145 (HTB-81); human thyroid
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cancer cell line SW-579 (HTB-107); human lung cancer cell line
NCI-H520 (HTB-182); and human osteosarcoma cell lines
SK-ES-1 (HTB-86), Sa0S-2 (HTB-85), and MG-63 (CRL-
1427) were obtained from the American Type Culture Col-
lection (Manassas, VA). The mouse fibroblastic cell line NIH
3T3 was provided by Dr. Hynda Kleinman (National Institute
of Dental and Craniofacial Research, National Institutes of
Health, Bethesda, MD). Fetal bovine serum was purchased
from Equitech-Bio (Kerrville, TX). RPMI-1640 medium,
L-glutamine, 2-mercaptoethanol, sodium pyruvate, modified
Eagle medium (MEM) nonessential amino acids, Hanks’ bal-
anced salt solution (HBSS), phosphate-buffered saline (PBS),
Versene (0.53 mM EDTA in PBS), and 10% zymogram gelatin
gels were from Invitrogen (Carlsbad, CA). Matrigel was from
Collaborative Research (Bedford, MA; provided by Dr. Hynda
Kleinman). Transwell inserts and companion plates were pur-
chased from BD Biosciences Discovery Labware (Bedford,
MA). Calcein acetoxymethyl ester dye and the Alexa Fluor 488
protein labeling kit were purchased from Molecular Probes
(Eugene, OR). Mouse anti-human vitronectin receptor monoclo-
nal antibody immobilized on immunoaffinity gel matrix
(GEM1976), vitronectin receptor complex ‘in Triton X-100
(CC1018), and mouse anti-MMP-2 monoclonal antibody (MAB
13435) were obtained from CHEMICON International (Te-
mecula, CA). Pro-MMP-2 and active MMP-2 were from Onco-
gene Research Products (Boston, MA). pBluescript IT KS vector
was purchased from Stratagene (La Jolla, CA). Digoxigenin
labeling mixture was obtained from Roche Biochemicals (Indi-
anapolis, IN). The in situ hybridization kit, which included
5-bromo-4-chloro-3-indolyl phosphate/nitroblue  tetrazolium
(BCIP/NBT; product SH-3018-01), was from InnoGenex (San
Ramon, CA). 1,10-Phenanthroline was from Sigma Chemical
Co. (St. Louis, MO). MMP-2 inhibitor 1, cis-9-octadecenoyl-N-
hydroxylamideleoyl-N-hydroxylamide, and anti-integrin o Bs
monoclonal antibody (LM609, MAB 1976Z) were obtained
from Calbiochem (San Diego, CA). Rhodamine Red-conju-
gated AffiniPure goat anti-rabbit immunoglobulin G (IgG;
heavy- and light-chain) and Cy2-conjugated AffiniPure goat
anti-mouse IgG (heavy- and light-chain) were purchased from
Jackson ImmunoResearch Laboratories (West Grove, PA).
Vectashield mounting medium for fluorescence microscopy with
4’ ,6-diamidino-2-phenylindole (DAPI; product H-1200) was ob-
tained from Vector Laboratories (Burlingame, CA). The Probe-
Quant G-50 microcolumn was from Amersham Pharmacia Bio-
tech (Piscataway, NJ). The Microcon YM-30 centrifugal filter
device was from Millipore (Bedford, MA). In situ-ready human
thyroid papillary adenocarcinoma serial paraffin sections (prod-
uct 70452-3) were purchased from Novagen, (Madison, WI).

Cell Culture

The human cancer cell lines used, as described above, were
first grown in RPMI-1640 medium supplemented with 10% fetal
bovine serum, 2 mM r-glutamine, 5 mM 2-mercaptoethanol, 2
mM sodium pyruvate, and 0.1 mM MEM nonessential amino
acids in a humidified atmosphere of 5% CO,/95% air at 37 °C.
When the cells were approximately 80% confluent, they were
used in the experiments described below or subcultured for up to
20 passages at a split ratio of 1:10.

ARTICLES 957




[

SIBLING Production and Purification

Recombinant BSP, BSP-KAE (BSP in which the RGD se-
quence was replaced with the sequence KAE), osteopontin, and
DMP1 with posttranslational modifications, including glycosyl-
ation, sulfation, and possibly phosphorylation, were made as
described previously (9,/1). Briefly, adenoviral constructs con-
taining full-length human BSP (37), BSP-KAE (9), osteopontin
(32}, or bovine DMP1 (33) were subcloned into high-expression,
replication-deficient adenovirus type 5 under the control of the
elongation factor 1 (EF-1) promoter for BSP or the cytomega-
lovirus (CMV) promoter for BSP-KAE, osteopontin, and DMP].
The BSP-KAE constructs were made by ir situ mutagenesis in
pBluescript; the entire insert was checked for fidelity and then
shuttled to the adenovirus plasmid (34). The adenoviruses were
selected, purified, and expressed as previously described (9).
Recombinant SIBLINGs were generated by infecting mid-
passage subconfluent normal human bone marrow stromal fibro-
blasts (gift from Dr. P. Gehron Robey, National Institute of

Dental and Craniofacial Research, National Institutes of Health,’

Bethesda, MD). Harvested serum-free medium was subjected to
anion-exchange chromatography, as described (9,11), to isolate
SIBLINGS. The purity of each SIBLING was greater than 95%,
as measured after sodium dodecyl sulfate (SDS)—polyacrylam-
ide gel electrophoresis.

Modified Boyden Chamber Cell Invasion Assay

Invasiveness of each cancer cell line was measured by using
a UV-opaque transwell polycarbonate membrane insert with a
diameter of 6.4 mm and pore size of 8 p.m in a modified Boyden
chamber cell invasion assay. Transwell inserts were placed in a
24-well plate, precoated with Matrigel (5-10 pg in 50 pL per
well), and dried overnight in a laminar airflow hood. Preconflu-
ent cells were removed from culture dishes with 0.53 mM EDTA
in PBS, washed twice in HBSS, and resuspended in serum-free
RPMI-1640 culture medium at a final density of 4 X 10° cells
per milliliter. Quadruplicate cultures of cells were briefly pre-
treated in a final volume of 250 pl of serum-free medium
(containing 0.1% bovine serum albumin) with either buffer or
SIBLINGs in 1.5-mL Eppendorf microcentrifuge tubes for 10
minutes and then placed in the upper compartment of a Boyden
chamber. In some cases, cells were first treated for 20 minutes
with inhibitors, blocking antibodies, or isotype control 1gGs in
the tube and then placed in the upper chamber. In the latter cases,
buffer or recombinant SIBLING was then added directly to the
chamber. To induce migration through the Matrigel layer, the
lower chambers were filled with 750 pL of serum-free medium
conditioned by mouse NIH 3T3 fibroblastic cells and containing
0.1% bovine serum albumin. Cells were then incubated in a
humidified incubator at 37 °C for 6—24 hours, depending on the
cell line. Cells that had not migrated through the barrier were
removed from the top compartment, and inserts were moved to
another 24-well plate in which each well contained 0.5 mL of the
fluorescent dye calcein acetoxymethyl ester at 4 pg/mL. The
plate was incubated at 37 °C for 45 minutes to allow the living
cells to take up and activate the dye, and then the fluorescent
intensity was read from the bottom of the insert with a fluores-
cence plate reader (Wallac 1420 VICTOR? Multilabel Reader;
PerkinElmer Life Sciences, Boston, MA). Fluorescence intensity
was proportional to the number of cells migrating to the bottom
of the UV-opaque membrane.
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Immunoprecipitation Experiments

Commercial mouse anti-human vitronectin receptor (integrin
o, ;) monoclonal antibody immobilized on immunoaffinity gel
matrix (i.e., beads) was washed three times in ice-cold Triton
buffer (TB; 20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.2%
Triton X-100, 2 mM MgCl,, and 0.1 mM CaCl,) and incubated
in 1 mL of TB containing 1% bovine serum albumin at 4 °C for
30 minutes with gentle shaking. After washing three times with
1 mL of ice-cold TB, the beads were gently shaken with or
without 10 pg of integrin o, B5 in 50 pL of TB at 4 °C for 10
minutes. The beads were then pelleted, the liquid was carefully
removed, and the beads were washed in 1 mL of TB. The beads
were then resuspended in | mL of buffer and separated into
aliquots. An aliquot was gently shaken with buffer alone or
buffer containing 500 nM BSP or 500 nM BSP-KAE (in a final
volume of 50 wL) at 4 °C for 10 minutes. The beads were then
pelleted, washed in 1 mL of TB, and incubated in 50 pL of TB
containing 1 g of pro-MMP-2 or 1 g of active MMP-2 at 4 °C
for 10 minutes. The beads were pelleted and washed with | mL
of TB. The MMPs were eluted from the beads with 80 nL of 1 X
SDS sample buffer (2.5 mL of 0.5 M Tris—HCI [pH 6.8], 2 mL
of glycerol, 4 mL of 10% (wt/vol) SDS, and 0.5 mL of 0.1%
bromophenol blue, adjusted to 20 mL with distilled water) and
resolved by electrophoresis on a 10% gelatin zymogram gel.

SDS—Polyacrylamide Gel Electrophoresis and Zymography

Samples in zymogram gel sample buffer were loaded on a
10% gelatin zymogram gel, subjected to electrophoresis, and
processed as recommended by the manufacturer. Resulting
Coomassie-stained gels were visualized with an EagleEye 11
imaging system (Stratagene, La Jolla, CA) by dynamic inte-
grated exposure with an initial integration time of 3 seconds and
an increment of 3 seconds (the camera sums frames of 1/30
second for a 3-second period, sends the image to the computer,
collects light for 6 seconds, sends the image to the computer, and
continues in this progression until integration is stopped).

Labeling of Purified Human Active MMP-2 and Pro-
MMP-2 With Alexa 488 Dye

Latent (pro-MMP-2) or active MMP-2 was fluorescently la-
beled with the Alexa Fluor 488 protein labeling kit according to
the manufacturer’s protocol but was adjusted to the smaller
amounts of protein being labeled. Briefly, shipping buffer from
50 g of pro-MMP-2 or 50 pg of active MMP-2 was exchanged
for the reaction buffer (PBS) on ProbeQuant G-50 microcol-
umns, and the resulting mixture was concentrated to approxi-
mately 50 L with a prewashed Microcon YM-30 centrifugal
filter device. Sodium bicarbonate (0.1 M, 5 pnL) was added to
raise the pH to 7.5-8.5 for efficient labeling. All steps were
performed at 4 °C. The reactive dye was dissolved in 0.5 mL of
PBS containing 0.1 M sodium bicarbonate, 50 pL of Alexa
Fluor 488 dye was added to the MMP-2 solution, and the
reaction mixture was stirred at 4 °C for 2 hours. The labeled
MMP-2 protein was then separated from the unreacted dye on
ProbeQuant G-50 microcolumns (in PBS) and stored as aliquots
at —80 °C until use.

Flow Cytometry

Cells were detached from culture dishes with PBS containing
0.53 mM EDTA, washed twice in HBSS, and then incubated at
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2 X 10° cells per milliliter with buffer alone or buffer containing
500 nM BSP or 500 nM BSP-KAE at room temperature for 10
minutes. For the studies involving the blocking anti-integrin
o, 35 antibody, cells were incubated with buffer alone or buffer
containing anti-integrin «, B, antibody (LM609, 4 pg/mL) or
isotype control IgG, (4 pg/mL) at room temperature for 10
minutes, and then the mixture was incubated with 500 nA BSP
for 10 minutes. In the final step for all samples, cells were
pelleted at 225g for 10 minutes at room temperature, washed
once in HBSS, and then incubated at room temperature with
Alexa Fluor 488-labeled purified human pro-MMP-2 at |
pg/mL or active MMP-2 at 1 pg/mL for 10 minutes. The cells
were pelleted, washed once, resuspended in HBSS, and analyzed
immediately with a FACSCalibur cell sorter equipped with a
488-nm argon laser and Cellquest software (BD Pharmingen,
Bedford, MA).

Fluorescent Immunocytochemistry

To localize BSP, MMP-2, and integrin o, on individual
cells, 1 mL containing 1 X 10° SW-579 cells was placed in each
well of a two-well chamber slide and incubated at 37 °C for 24
hours. The cells were then washed with serum-free RPMI-1640
medium and incubated in this medium at 37 °C with no addi-
tions, with 100 nM BSP-KAE, or with 100 nM BSP for 24 hours.
The cells were then washed and incubated at 37 °C with recom-
binant pro-MMP-2 (1 pg/mL per well) for 20 minutes. After
three washes in PBS, the cells were fixed in absolute ethanol at
4 °C for 30 minutes, washed three times in PBS, and incubated
in PBS with affinity-purified human anti-BSP polyclonal anti-
body (LF-84) and mouse anti-MMP-2 monoclonal antibody at
the same time at 4 °C for 24 hours. The cells then were washed
and incubated with Rhodamine Red-coupled AffiniPure goat
anti-rabbit IgG and Cy2-coupled AffiniPure goat anti-mouse
IgG secondary antibodies at room temperature for 30 minutes.
The slides were detached from the chamber, washed three times
with PBS, and immediately mounted in Vectashield mounting
medium for fluorescence with DAPI for nuclear staining under a
coverslip. The samples were analyzed with a fluorescence mi-
croscope that could simultaneously visualize both dye signals.

In Situ Hybridization

To generate strand-specific probes for in situ hybridization, a
polymerase chain reaction-amplified human MMP-2 cDNA
fragment (317 bp) was subcloned into the BamHI site of pBlue-
script II KS vector. The oligonucleotides for amplification of the
MMP-2-specific probes were 5'-ATTAGGATCCGGTCACAG
CTACTTCTTCAAG-3' (forward) and 5'-ATATGGATCCG
CCTGGGAGGAGTACAG-3' (reverse). The BSP template was
the full-length human BSP ¢cDNA B6-5g (31). The human inte-
grin o, cDNA (1200 bp) insert originally cloned into the pUC12
vector was released with EcoRI1 and HindlII (35), and human
integrin 3, cDNA (2275 bp) originally cloned into the pUC12
vector (36) was released with EcoRI. Both cDNA inserts were
then subcloned in pBluescript I KS, a vector that contains the
T3 and T7 RNA polymerase promoters for RNA probe synthe-
sis. After the plasmids were linearized with the appropriate
restriction enzymes, the probes were labeled with a digoxigenin-
labeling mixture (1 mM ATP, 1 mM CTP, | mM GTP, 0.65 mM
UTP, and 0.35 mM DIG-11-UTP [digoxigenin coupled to UTP
at position 11], pH 7.5) to produce the specific digoxigenin-
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labeled single-stranded antisense and sense RNA fragments. In
situ hybridization for thyroid papillary carcinoma serial sections
was carried out with the InnoGenex in situ hybridization BCIP/
NBT kit according to the manufacturer’s instructions with minor
modifications. Slides were deparaffinized in xylene and rehy-
drated through a graded ethanol series. After a 10-minute incu-
bation in the kit’s proteinase K solution, the slides were fixed in
1% formaldehyde for 10 minutes. Approximately 50 pL of
hybridization buffer containing pre-titrated digoxigenin-labeled
RNA probes (antisense or sense) were applied to each slide. The
hybridization reaction included a 3-minute denaturation at 80 °C
followed by overnight incubation at 37 °C. After hybridization,
washes at room temperature consisted of rinsing with 2 PBS to
remove the coverslip, followed by one 10-minute wash and two
5-minute washes in PBS. The sections were then treated with
antibody-blocking solution (InnoGenex, product BS-1310-06)
for 5 minutes at room temperature, and the blocking agent was
gently removed. Biotinylated mouse anti-digoxigenin monoclo-
nal antibody (InnoGenex, product AS-3000-06) was then ap-
plied to the sections for 5 minutes at 37 °C, washed for two
5-minute periods in PBS, and then incubated at 37 °C with
alkaline phosphatase streptavidine conjugate (provided by the
manufacturer) for 5 minutes. After washing twice with PBS, -
activation buffer was then applied to each section for I minute
before incubating in BCIP/NBT substrate chromogen solution
until satisfactory color reaction was observed (approximately 15
minutes). Sections were then counterstained with nuclear fast
red, dehydrated through a graded series of alcohol and xylene,
and mounted under a coverslip. Sections were photographed
with an AxioCam MR-MRGrab camera imaging system (Carl
Zeiss Vision, Munchen, Germany), which included an Axio-
plan2 microscope, an AxioCam MRm camera, and AxioVision
3.1 software.

Statistical Analysis

Data are the mean of quadruplicate determinations and its
95% confidence interval (CI). Each experiment was repeated at
least two times. In each case, data from a single representative
experiment are shown. Multiple comparisons were performed
with a one-way analysis of variance followed by Dunnett’s test
for treatment versus control comparisons. Pairwise comparisons
were catried out by performing a nonparametric Mann—Whitney
U test. In each analysis, differences were considered statistically
significant for P values less than .05. All statistical tests were
two-sided.

RESULTS
BSP and Invasiveness of Cancer Cells In Vitro

Recent reports (14-20) that BSP is elevated in tumors and
serum from patients with breast, prostate, lung, or thyroid can-
cers prompted us to investigate whether BSP has a role in the
invasion of cancer cells. Invasiveness was measured with a
modified Boyden chamber cell invasion assay. Treatment with
BSP caused dose-dependent increases in the invasiveness of the
breast cancer cell lines MDA-MB-231, MDA-MB-4358S, .and
MCEF-7; prostate cancer cell lines PC-3 and DU-145; lung cancer
cell line NCI-H520; and thyroid cancer cell line SW-579. Re-
sults from a representative cell line for each cancer type are
shown in Fig. 1. MDA-MB-231 celis showed a clear dose-
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Fig. 1. Bone sialoprotein (BSP) and the invasion of selected cancer cell lines in
vitro. BSP-treated breast (MDA-MB-231), prostate (PC-3), thyroid (SW-579),
and lung (NCI-H520) cancer cells were placed in the Matrigel-coated upper
chamber of a Boyden chamber with a UV-opaque transwell insert. The lower
chambers contained serum-free conditioned medium as a chemoattractant. The
cells were incubated at 37 °C for 624 hours. Invasive cells that penetrated the
Matrigel artificial basement membrane into the lower chamber were detected by
calcein acetoxymethy! ester (AM) fluorescent dye, which is activated by living
cells. The relative fluorescence (RF) in the lower chamber corresponds directly
to the number of cells that have migrated through the Matrigel. Data are the
means of quadruplicate samples, and error bars are the 95% confidence inter-
vals. A P value of <.001 was obtained for mulitiple comparisons within each
panel, by use of one-way analysis of variance. Each treatment group was also
individually compared with the control untreated group by use of Dunnett’s test.
*P<.001 compared with untreated cells by Dunnett’s test. All statistical tests
were two-sided.

response increase in their invasiveness through a Matrigel bar-
rier, with a maximum increase of approximately 10-fold at 100
nM BSP (93.1 units [U; 1 U represents 1% of the maximum
number of cells invaded], 95% CI = 86.6 to 99.6 U) compared
with that of untreated cells (9.5 U, 95% CI = 6.8 to 12.2 U)
(P<.001) (Fig. 1). MDA-MB-4358S cells showed an approxi-
mately twofold increase at 100 nM BSP (84.7 U, 95% CI = 69.4
to 100.0 U) compared with that of untreated cells (43.7 U, 95%
CI = 36.8 to 50.6 U) (P<.001). In addition, MCF-7 cells, which
are usuvally not aggressive in Boyden chamber cell invasion
assays, showed a statistically significant approximately ninefold
increased invasiveness after treatment with 100 nAZ BSP (79.5
U, 95% CI = 59.0 to 100.0 U) compared with untreated cells
(8.5 U, 95% CI = 3.0 to 14.0 U) (P<.001).

Addition of recombinant human BSP to cultured prostate
cancer cell lines PC-3 and DU-145 increased their invasiveness.
The invasiveness of PC-3 cells increased more than threefold
after the addition of 50 nM BSP (86.2 U, 95% CI = 72.4 to
100.0 U) compared with untreated cells (25.0 U, 95% CI = 19.7
to 30.3 U) (P<.001) (Fig. 1). Treatment with 100 nM BSP
caused an approximately 17-fold increase in the invasiveness of
DU-145 cells (84.6 U, 95% CI = 69.3 to 99.9 U) compared with
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untreated cells (5.0 U, 95% CI = 4.7 to 5.3 U) (P<.001) but
caused no change in the invasiveness of another prostate cancer
cell line, LNCaP (data not shown). BSP at 50 nM enhanced the
invasiveness of the less aggressive lung squamous cell carci-
noma NCI-H520 cells by approximately 2.7-fold (92.5 U, 95%
CI = 85.0 to 100.0 U) compared with untreated control NCI-
H520 cells (34.2 U, 95% CI = 24.4 to 44.0 U) (P<<.001) (Fig.
1). The thyroid squamous cell carcinoma SW-579 cells re-
sponded maximally to the addition of 50 nM BSP with an
approximately 10-fold increase in invasiveness (95.2 U, 95% CI
= 90.4 to 100.0 U) compared with untreated cells (9.1 U, 95%
CI = 5.7t0 12.5 U) (P<.001) (Fig. 1). BSP did not increase the
invasiveness of the osteosarcoma cell lines SK-ES-1, Sa0S-2,
and MG-63 (data not shown). None of the cell lines used in these
experiments expressed an appreciable level of BSP, as measured
by northemn blot hybridization (data not shown).

The increase in the invasiveness of these cancer cell lines was
specific to BSP, because the same dose range of osteopontin and
DMP1, the two other members of the SIBLING family that can
support cell attachment but cannot bind to MMP-2, did not
increase the invasiveness of any of the cell lines tested (data not
shown).

BSP-Enhanced Invasion, Integrin o 35, and MMP-2

The same invasiveness studies were performed with BSP-
KAE, a recombinant BSP protein whose integrin-binding RGD
sequence was replaced with the chemically similar but inactive
tripeptide KAE. Treatment with BSP-KAE did not increase the
invasiveness of any cell line that had previously responded to
BSP compared with the invasiveness of untreated cells. Results
from representative breast, prostate, thyroid, and lung cancer cell
lines are shown in Fig. 2.

BSP binds to the vitronectin receptor, which is also known as
a B integrin (37). As shown in Fig. 3, when SW-579 thyroid
cancer cells were pretreated with isotype control IgG, and then
treated with BSP, their invasiveness increased about fivefold
(90.3 U, 95% CI = 80.6 to 100.0 U) compared with untreated
cells (19.4 U, 95% CI = 16.0 to 22.8 U). However, when cells
were first incubated with the same amount of the integrin o, 4
monoclonal antibody LM609, which blocks RGD binding, and
then treated with BSP, invasiveness (21.7 U, 95% CI = 10.9 to
32.5 U) was similar to that of untreated cells (19.4 U, 95% CIL =
16.0 to 22.8 U). Thus, the BSP-mediated increased invasiveness
of cancer cells apparently requires BSP to have an active RGD
sequence to bind to integrin o« Bs.

Integrins, particularly integrin o, f3;, modulate cancer cell
invasiveness by directly interacting with MMP-2 (23), and BSP
specifically binds to both active and pro-MMP-2 with nanomolar
affinity (29). Because two other integrin «,B;-binding SIB-
LINGs, osteopontin and DMP1, did not stimulate the invasion of
cancer cells, we hypothesized that BSP increases invasiveness
by interacting with both MMP-2 and integrin «,B;. BSP-
enhanced SW-579 cell invasion was completely inhibited by the
addition of 10 pM 1,10-phenanthroline, a general MMP inhib-
itor (P<<.001; Fig. 3). The role of MMP-2 in the BSP-enhanced
cancer cell invasion was further investigated by use of a specific
MMP-2 inhibitor (MMP-2 inhibitor I) and a monoclonal anti-
body against MMP-2. Both the specific MMP-2 inhibitor and the
blocking antibody reduced the BSP-enhanced invasiveness of
SW-579 cells to that of untreated control cells (P<<.001; Fig. 3).
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Fig. 2. Bone sialoprotein (BSP)-enhanced invasion and the RGD domain of BSP.
MDA-MB-231, PC-3, NCI-H520, and SW-579 cells treated with 100 nMBSP or
with 100 nA BSP-KAE (an inactive version of BSP in which the RGD domain
was replaced with the chemically similar but inactive KAE tripeptide) were
placed in the Matrigel-coated upper chamber of a Boyden chamber with a
UV-opaque transwell insert. The lower chambers contained serum-free condi-
tioned medium as a chemoattractant. The cells were incubated at 37 °C for 6-24
hours. Invasive cells that penetrated the Matrige] artificial basement membrane
into the lower chamber were detected by calcein acetoxymethy! ester fluorescent
dye, which is activated by living cells. The relative fluorescence (RF) in the
lower chamber corresponds directly to the number of cells that have migrated
through the Matrigel. The controls were untreated cells under the same culture
conditions. The invasive activity of cells treated with BSP-KAE was similar to
that of untreated cells. Relative fluorescence, which corresponds directly to the
number of cells that migrated through the Matrigel, is as described in Fig. 1. Data
are the means of quadruplicate samples, and errer bars are 95% confidence
intervals. A Mann-Whitney U test was used for the comparison of BSP-treated
cells with either untreated control cells or BSP-KAE-treated cells. A P value of
<01 was obtained for MDA-MB-231 cells (*), PC-3 cells (}), NC1-H520 cells
(1), and SW-579 cells (§). All statistical tests were two-sided.

In Vitro Interaction of BSP, MMP-2, and Integrin o, §;

Because the BSP-enhanced invasion can be blocked by in-
terfering with the activity of either integrin « B3 or MMP-2 and
because BSP can form a complex with integrin o 5 and a
complex with MMP-2, we hypothesized that these three mole-
cules form an RGD-dependent complex in which BSP acts as a
bridge to link MMP-2 and integrin o, 5. We tested this hypoth-
esis with immunoprecipitation experiments using purified com-
ponents. Integrin o B; was incubated with immunoaffinity gel
beads with covalently attached anti-integrin o, f3; monoclonal
antibodies to allow integrin binding. The beads were washed to
remove unattached integrins, and the washed beads were then
incubated with buffer alone or buffer containing recombinant
BSP or recombinant BSP-KAE. After washing to remove un-
bound proteins, beads were incubated with soluble active
MMP-2 or inactive pro-MMP-2. The beads were washed again,
and then the amount of bound MMP-2 activity was measured by
use of gelatin zymogram electrophoresis. No MMP activity was
detected when integrin o B,;-free beads were used, which
showed that the immunoprecipitation assay had a very low
background (data not shown). Beads with bound integrin o, 3,
but no BSP bound a small but reproducible amount of pro-
MMP-2 and an even smaller amount of active MMP-2 (Fig. 4,
lane 2). This result confirms that of Brooks et al. (23) and
suggests that some MMP-2 can bind directly to integrin o,;.
Addition of BSP-KAE, which lacks an active integrin-binding
RGD sequence, did not increase the binding between integrin
o,B5 and either MMP-2 or pro-MMP-2 (Fig. 4, lane 4). How-
ever, addition of BSP and then of MMP-2 (active MMP-2 or
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Fig. 3. Bone sialoprotein (BSP) activity and agents that block integrin «,; or
matrix metatloproteinase 2 (MMP-2) activities. SW-579 cells were placed in the
Matrigel-coated upper chamber of a Boyden chamber with a UV-opaque trans-
well insert. The lower chambers contained serum-free conditioned medium as a
chemoattractaut. Invasive cells that penetrated the Matrigel artificial basement
membrane into the lower chamber were detected by calcein acetoxymethyl ester
fluorescent dye, which is activated by living cells. Cells were treated with isotype
control immunoglobulin G, (IgG,) (5§ pg/mL), anti-integrin « B, monoclonal
antibody (5 wg/mL.), anti-MMP-2 monoclonal antibody (5 wg/mL), the general
MMP inhibiter 1,10-phenanthroline (1,10 phen) at 10 pAf, or the specific
MMP-2 inhibitor termed MMP-2 inhibitor I at 5 pM for 20 minutes, before 100
nM BSP was added to the inserts. The cells were incubated at 37 °C for 24 hours.
Interfering with the functions of MMP or integrin negated BSP-enhanced Ma-
trigel invasion. Relative fluorescence (RF) is as described in Fig. 1. Data are the
means of quadruplicate samples from a representative experiment, and error
bars are 95% confidence intervals. A P of less than .001 was obtained for
multiple comparisons by use of one-way analysis of variance. Each group was
also individually compared with untreated control group by use of the Dunnett
test. *, P<<.001 compared with untreated control cells; §, P<.001 compared with
cells treated with isotype control 1gG; and BSP; , P<<.001 compared with
BSP-treated cells. All statistical tests were two-sided.

pro-MMP-2) to integrin o, B;-coated beads increased MMP ac-
tivity associated with the beads, indicating that BSP stimulated
the formation of a complex between integrin o5 and MMP-2,
presumably by linking the two proteins (Fig. 4, lane 3).

To investigate whether the complex of BSP, integrin o8,
and MMP-2 also occurs on living cells, we used flow cytometry,
SW-579 cells, and purified active MMP-2"and pro-MMP-2 that
had been covalently labeled with AlexaFluor-488. SW-579 cells
were treated with anti-integrin o, 85 monoclonal antibody or
with an isotype control IgG, and then washed. These cells were
incubated with buffer alone, buffer containing BSP, or buffer
containing BSP-KAE, washed again, and then incubated with
labeled pro-MMP-2. Flow cytometry was used to détermine the
amount of labeled pro-MMP-2 bound to these cells relative to
that bound to untreated cells. Addition of BSP produced a 43%
increase in the signal of labeled pro-MMP-2 bound to SW-579
cells compared with that of untreated cells (Fig. 5, A), whereas
addition of BSP-KAE produced no change in this signal (Fig. 5,
B). Addition of anti-integrin &, 8; monoclonal antibodies almost
completely blocked the binding of the labeled pro-MMPs to
SW-579 cells compared with that of untreated control cells (Fig.
5, C) or cells treated with isotype control IgG, (Fig. 5, D). When
labeled active MMP-2 was used for the binding analysis, BSP
produced a 23% and 22% increase in signal of labeled MMP-2
bound to SW-579 cells compared with untreated control or
BSP-KAE-treated cells, respectively (data not shown). Essen-
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Fig. 4. Immunoprecipitation experiments and complexes of integrin o,B;, bone
sialoprotein (BSP), and matrix metalloproteinase 2 (MMP-2). Integrin «,8; was
first bound to an anti-integrin monoclonal antibody covalently attached to
immunoaffinity gel beads. After washing. the beads were incubated with buffer
alone or buffer containing 500 nAM BSP or 500 nM BSP-KAE, washed, and
subsequently treated with recombinant pro-MMP-2 or active MMP-2, The
washed samples were then separated by electrophoresis on 10% gelatin gels and
examined by gelatin zymography. Note that the addition of BSP (lane 3) but not
BSP-KAE (lane 4) enabled both pro-MMP-2 (upper panel) and active MMP-2
(lower panel) to be immunoprecipitated with the integrin-bound beads. Trace
amounts of both pro-MMP-2 and active MMP-2 were observed without addition
of BSP (lane 2), as described by Brooks et al. (23). Arrows = pro-MMP-2
(pMMP2) and active MMP-2 (aMMP2) and identify the migration positions of
MMP standards in lane 1. )

tially the same results for both active MMP-2 and pro-MMP-2
were obtained with PC-3 cells (data not shown).

Fluorescent immunocytochemistry experiments showed that
BSP, MMP-2, and «,B; integrin co-localized in single cells.
SW-579 cells were first treated with BSP overnight and then
treated with MMP-2 for 20 minutes. BSP and MMP-2 were
detected at the same locations in these cells (Fig. 6, A~C).
Neither BSP nor MMP-2 was detected on untreated cells or cells
treated with BSP-KAE (data not shown), suggesting that BSP
rapidly localizes MMP-2 to the cell surface in vitro by binding
to integrin o, ;.

Finally, to verify that the complex of BSP, MMP-2, and
integrin o, 3; may occur naturally in vivo, in situ hybridization
experiments were performed on serial paraffin sections of hu-
man papillaty thyroid carcinomas. The purple-blue cytoplasmic
staining with antisense probes verified that all four mRNAs are
expressed in the same cells and/or areas of tissue (Fig. 7),
showing that all the components of the complex are synthesized
simultaneously by cells. Hybridization with similar amounts of
the sense probes revealed no signal (data not shown).

Fig. 6. Localization of bone sialoprotein (BSP) and matrix
metalloproteinase 2 (MMP-2) on SW-579 thyroid cancer
cells. Cells were treated first with BSP and then with pro-
MMP-2. The cells were incubated with a polyclonal antibody
against BSP and a monoclonal antibody against MMP-2, and
both proteins were detected by indirect immunofluorescence
with Rhodamine Red—conjugated AffiniPure goat anti-rabbit
immunoglobulin G (I1gG) for BSP and Cy2-conjugated Affini-
Pure goat anti-mouse IgG for MMP-2, The red color in panel

"t Control B

[ BSPKAE

Ml contrn A

Relative cell number (%)

1gG +BSP Dl
"t Anti 0,8, + BSP

Relative celi number (%)

gl(}" FULSNS TS {12 ¥ LD UL UL [ SO 1 O {1
Fluorescent intensity Fluorescent intensity

Fig. 5. Bone sialoprotein (BSP)-enhanced binding of fluorescently labeled pro-
matrix metalloproteinase 2 (pro-MMP-2) to SW-579 cells. Pro-MMP-2 was
labeled with Alexa Fluor-488 and incubated with cells treated as indicated or
untreated cells (Control). A) Pretreating the cells with BSP (shaded area)
increased the amount of labeled pro-MMP-2 bound to the living cells compared
with untreated cells. B) Pretreating cells with BSP-KAE (shaded area) showed
no increased binding of labeled pro-MMP-2 compared with that of untreated
cells (open area). C) Blocking cell-surface integrin « 3, with an anti-integrin
monoclonal antibody (shaded area) also completely blocked the BSP-enhanced
binding of the labeled pro-MMP-2 (open area). D) Treating cells with a
nonimmune isotype specific immunoglobulin G, (IgG,) had no effect on the
ability of BSP to enhance the binding of pro-MMP-2.

DISCUSSION

Cellular invasion requires dynamic coordination of many
cellular components, including cell adhesion molecules and pro-
teolytic agents. MMPs and integrins participate in degradation of
the basement membrane and, consequently, in the invasion of
cancer cells. Several studies have reported that increased acti-
vation of MMP-2, MMP-3, MMP-9, MMP-13, MMP-14, and/or
MMP-15 is associated with tumor cell invasion (23,38—44).
Two studies have demonstrated that the progression of various
cancers is also associated with the overexpression of integrins
o Bs, 03By, By, and/or a,B, (23,45). Finally, several co-
localization studies have reported that integrin o, B; may func-
tion not only as an adhesion and/or migration receptor but may
also activate and properly distribute proteases that degrade the
extracellular matrix during invasion (23,46,47).

Because it is overexpressed in malignant tissues, BSP may
play a role in the progression and invasion of a number of

A shows the location of BSP, the green color in panel B shows the location of MMP-2, and the yellow color in panel C shows that the two proteins co-localize.
4',6-Diamidino-2-phenylindole (DAP1) was used as a nuclear counterstain (blue color). Scale bar = 25 pm.
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Fig. 7. mRNA for bone sialoprotein (BSP). matrix metalloproteinase 2 (MMP-
2), and both chains of integrin « B in sections of an invasive thyroid papillary
carcinoma. Deparaffinized sections of an invasive thyroid papillary carcinoma
were incubated with digoxigenin-labeled antisense probes specific for BSP,
MMP-2, the «, chain. and the B; chain. Indirect localization of the probes was
determined with anti-digoxigenin antibodies and colorimetric staining, Cytoplas-
mic purple-blue color indicates that mRNAs for BSP (upper left), MMP-2
(upper right), o, chain (lower left), and B; chain (lower right) are in the same
cells, suggesting that all proteins required for formation of complexes of integrin
o, B3, BSP, and MMP-2 are likely to be expressed in the same cells. Fast red was
used as a nuclear counterstain (nuclear red color). Scale bar = 50 pum.

osteotropic cancers, including breast, prostate, lung, and thyroid
cancers (14—17,20). Addition of BSP stimulates the in vitro
migration of breast cancer cells via a mechanism involving
integrin o, B; (48,49). Strong and specific in vitro interactions
(with nanomolar affinity) have been described (29) between
three members of the SIBLING family (BSP, osteopontin, and
DMP1) and specific MMPs (MMP-2, MMP-3, and MMP-9,
respectively). Thus, the combination of BSP, MMP-2, and inte-
grin o B, appears to play an important role in cancer cell
invasion. This study demonstrated that BSP, but not osteopontin
or DMP1, increased the Matrigel invasiveness of a large subset
of breast, prostate, lung, and thyroid cancer cell lines. Addition
of BSP-KAE, a recombinant form of BSP in which the RGD
sequence was replaced with KAF, or addition of an antibody that
blocks BSP binding to integrin « B, through RGD sequence
blocked all BSP-enhanced invasive activity, suggesting that BSP
acts through this integrin. The BSP-enhanced invasion by these
cells was also inhibited by specific chemical inhibitors of
MMP-2 and by an antibody for MMP-2. Formation of a complex
containing BSP, integrin o, 5, and MMP-2 was demonstrated
by immunoprecipitation experiments, immunofluorescence ex-
periments, and flow cytometry. These results suggest that cells
use BSP as a bridge to link MMP-2 to its cell surface receptor,
integrin o B,, which thereby increases their ability to invade
basement membranes and other connective tissues. Fig. 8 shows
BSP with an intact RGD bridging MMP-2 to its cell-surface
receptor, integrin o,8; When the integrin-binding RGD se-
quence is replaced with the chemically similar but inactive KAE
sequence, MMP-2 may still bind to the BSP-KAE protein, but
the complex between MMP-2 and BSP-KAE does not interact
with cell-surface integrin.
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Fig. 8. Proposed trimolecular complex of bone sialoprotein (BSP), matrix
metalloproteinase 2 (MMP-2), and integrin o, 85. (Left) BSP with an intact RGD
domain acts as a bridge between MMP-2 and integrin o 5. (Middle) BSP-KAE,
mutant BSP in which the RGD is replaced with KAE, can bind to MMP-2, but
the complex does not interact with the integrin o B, heterodimer. (Right) As
shown in Fig. 4 and by others (23), some MMP-2 may also interact with integrin
o B; even in the absence of BSP. Double line = cell membrane; scissors =
active site of MMP-2,

Because BSP enhances the attachment and migration of sev-
eral cancer cell lines, we also tested the effect of two other
members of the SIBLING family, osteopontin and DMP1, that
support cell attachment. Osteopontin also supports migration
(30). For all 16 cell lines tested, neither osteopontin nor DMP1
increased the invasiveness of these cells through Matrigel, even
though the increased expression of these proteins in various
cancers has been reported (20,51-53). We have recently shown
in vitro that osteopontin and DMP1 bind specifically to MMP-3
and MMP-9, respectively, with nanomolar affinity but do not
bind to MMP-2 (29). Because the Boyden chamber cell invasion
assay can detect differences only in those functions that result in
a net change in rate-limiting steps in the in vitro invasion process
(54), it is reasonable to conclude that the binding and possible
activation of MMP-2 by BSP overcomes such a rate-limiting
step for the cell lines tested, whereas cell attachment alone or the
binding and activation of MMP-3 by osteopontin or MMP-9 by
DMPI does not overcome such a step.

In conclusion, we have shown that recombinant BSP can
enhance the invasiveness of some, but not all, breast, prostate,
lung, and thyroid cancer cell lines in a modified Boyden cham-
ber assay through formation of an RGD-dependent complex
with MMP-2 and integrin o, B5.
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ABSTRACT

Purpose: Members of the small integrin binding ligand
N-linked glycoprotein (SIBLING) gene family have the ca-
pacity to bind and modulate the activity of matrix metallo-
proteinases (MMPs). The expression levels of five SIBLING
gene family members [bone sialoprotein (BSP), osteopontin
(OPN), dentin matrix protein 1 (DMP1), matrix extracellu-
lar phosphoglycoprotein (MEPE), and dentin sialophospho-
protein (DSPP)] and certain MMPs were determined using a
commercial cancer array.

Experimental Design: Cancer profiling arrays contain-
ing normalized ¢cDNA from both tumor and corresponding
normal tissues from 241 individual patients were used to
screen for SIBLING and MMP expression in nine distinct
cancer types.

Results: Significantly elevated expression levels were
observed for BSP in cancer of the breast, colon, stomach,
rectum, thyreid, and kidney; OPN in cancer of the breast,
uterus, colon, ovary, lung, rectum, and thyroid; DMPI1 in
cancer of the breast, uterus, colon, and lung; and dentin
sialophosphoprotein in breast and lung cancer. The degree
of correlation between a SIBLING and its partner MMP
was found to be significant within a given cancer type (e.g.,
BSP and MMP-2 in colon cancer, OPN and MMP-3 in
ovarian cancer; DMP1 and MMP-9 in lung cancer). The
expression levels of SIBLINGs were distinct within subtypes
of cancer (e.g., breast ductal tumors compared with lobular
tumors). In general, SIBLING expression increased with
cancer stage for breast, colon, lung, and rectal cancer.

Conclusions: These results suggest SIBLINGs as poten-
tial markers of early disease progression in a number of
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different cancer types, some of which currently lack vigor-

ous clinical markers.

INTRODUCTION

The small integrin-binding ligand N-linked glycoprotein
(SIBLING) gene family is clustered on human chromosome 4,
and its members include bone sialoprotein (BSP), osteopontin
(OPN), dentin matrix protein 1 (DMPI1), matrix extracellular
phosphoglycoprotein (MEPE), and dentin sialophosphoprotein
(DSPP; ref. 1). SIBLINGs are normally thought to be restricted
in expression to mineralizing tissue such as bones and teeth (1).
Retrospective studies using pathological specimens have shown
that OPN expression occurs in cancer of the breast, colon,
stomach, ovary, lung, thyroid, kidney, prostate, and pancreas (2,
3). The expression of other SIBLING members in cancer has not
been extensively studied. BSP expression was been reported in
breast (4, 5), prostate (6), lung (7), and thyroid cancer (8).
DMP1 has been shown to be strongly up-regulated in lung
cancer (9). Elevated levels of MEPE mRNA expression by
tumors from patients with hypophosphatemia and osteomalacia
have been reported (10). The neoplastic expression pattern of
DSPP has not been defined.

Matrix metalloproteinases (MMPs) are critical for devel-
opment, wound healing, and the progression of cancer. We have
recently shown that BSP, OPN, and DMP1 specifically bind
to pro-MMP-2, pro-MMP-3, and pro-MMP-9, respectively,
thereby activating the latent proteolytic activity (11). Further-
more, it was shown that active MMPs inhibited by either tissue
inhibitors of MMPs or low molecular weight synthetic inhibitors
were reactivated by their corresponding SIBLING. The current
study was undertaken to determine the mRNA expression pat-
terns of SIBLINGS in nine different types of cancer. An addi-
tional goal was to determine whether SIBLINGs exhibited ex-
pression levels that correlated with their MMP partners as well
as various measures of tumor progression. )

MATERIALS AND METHODS

Cancer Array Analysis. A cancer profiling array (prod-
uct 7841-1; Clontech, Palo Alto, CA) containing normalized
¢DNA from tumor and corresponding normal tissues from 241
individual patients was used to screen for SIBLING and MMP
expression (12). Several cancer profiling arrays were hybridized
in ExpressHyb hybridization solution (Clontech) with >?P-la-
beled cDNA probes as per the manufacturer’s instructions.
Briefly, 1 to 2 X 107 cpm of random-prime labeled cDNA was
made single stranded by heating to 95°C for 5 minutes and
allowed to hybridize with the prepared membrane overnight at
65°C. Membranes were washed in a series of high stringency
washes as recommended by the manufacturer. The washed
membranes were quantified by exposure to Phosphorlmager
screens for 1 to 24 hours, and the exposed screen was analyzed
on a PhosphorImager (Amersham Biosciences, Piscataway, NJ)
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using the manufacturer’s ImageQuant program. All polymerase
chain reaction (PCR) products were subcloned into a shuttle
plasmid, cloned. and sequenced, and the inserts were gel-puri-
fied before **P labeling by random priming. Unincorporated
label was removed before hybridization.

SIBLING Probes. The labeled DNA used for probing
was obtained as follows. Human BSP and OPN were cDNA
inserts released from OP-10 and B6-5g plasmids, respectively
(13, 14). Human DMP1 insert was the ~1.4-kb coding region of
exon 6 (15) amplified from human genomic DNA subcloned
into pBluescript at the EcoRI and BamHI sites using oligonu-
cleotides ATTATAGAATTCAAATGAAGACCCCAGTGAC-
AG (forward) and TAATTAGGATCCAATAGCCGTCTTG-
GCAGTC (reverse). The MEPE probe was a 1.45-kb, exon 5,
cDNA insert corresponding to the last exon of human MEPE,
which constitutes 95% of the mature protein as defined by Rowe
et al. (10). The exon was amplified by PCR from human
genomic DNA using a 5 oligonucleotide with a Ndel restriction
site engineered in AGTACCCATATGAAAGACAATATTGG-
TTTTCACCAT and a 3’ oligonucleotide with a BamHI site
(CTGATGGGATCCCTAGTCACCATCGCTCTCAC). The
PCRproduct was subcloned into pBluescript and sequenced, and
the ~1.5-kb insert was released with Ndel plus BamHI and
labeled. The DSPP probe corresponding to the last exon was
similarly amplified using a 5’ oligonucleotide with a HindlIl
restriction site engineered in CTGTTGGTACCGATATC-
GAAATCAAGGGTCCCAGCAG and a 3’ oligonucleotide
with a Kpnl restriction site (GTGCAAAGCTTCTAATCAT-
CACTGGTTGAGTGG), subcloned, and sequenced, and the
released ~2.6-kb insert was labeled.

Matrix Metalloproteinase Probes. Specific probes of
~300 bp each for human MMP-2, MMP-3, and MMP-9 were
made by PCR using human genomic DNA as template and the
following oligonucleotides: MMP-2, ATTAGGATCCGGTCA-
CAGCTACTTCTTCAAG (forward with BamHI site added for
subcloning) and ATATGGATCCGCCTGGGAGGAGTACAG
(reverse with BamHI site); MMP-3, ATATGGATCCAGCTG-
GCTTAATTGTTGAAAG (forward with BamHI) and TAA-
TGGATCCAACTGACAAATCGTCTTTATTA (reverse with
BamHI); and MMP-9, AATTGAATTCAGAGAAAGCCTA-
TTTCTGCCAG (forward with EcoRI) and TAATGAATTCG-
GTTAGAGAATCCAAGTTTATTAG (reverse with EcoRI). In
each case, the PCR products were subcloned into pBluescript
and verified by sequencing, and the ~0.3-kb inserts were re-
leased and labeled. Membranes were used up to three times,
each time removing the previous probe according to the manu-
facturer’s instructions. The stripped membranes were reimaged
by Phosphorlmager to verify the removal of the previous probe.

Statistical Analysis. Clinical data linked to samples
spotted on the cancer profiling array were accessed through the
manufacturer’s World Wide Web-based database.®> Compari-
sons between normal and tumor tissue (derived from the same
subject) were performed using a paired 7 test. The coordinated
expression of SIBLINGs with MMP binding partners in tumors
was tested by regression analysis. Significant differences in

3 http://bioinfo.clonetech.com/dparray/array-list-action.do.

tumor subtype expression of SIBLINGs was tested by Student’s
t test. The association of SIBLING expression levels with tumor
stage was investigated using a conservative statistical approach.
The nonparametric Spearman rank order correlation was used to
examine the correlation of tumor stage and SIBLING expres-
sion. The analysis was performed on untransformed data, and
the adjusted Spearman correlation coefficient (rg) is reported.
All statistical calculations were carried out using StatView
software (SAS Institute, Inc., Cary, NC).

RESULTS

SIBLINGs Are Elevated in Multiple Cancer Types.
Because BSP and OPN protein expression have been found to
be greatly increased in many separate, often immunohistochem-
istry-based studies of different neoplasms, the expression levels
of five SIBLING gene family members were determined using
a commercial cancer array. The array included normalized
¢DNA from tumor and corresponding nornal tissues from 241
individual patients, as well as certain internal controls (Fig. 1).
Because the sample sizes were too small for some tumor types
on the array, the tissues reported for this study include only
breast, uterus, colon, stomach, ovary, lung, kidney, rectum, and
thyroid. In each array experiment, the patient’s normal and
tumor cDNA was separately hybridized with *2P-labeled probes
for BSP, OPN, DMP1, MEPE, and DSPP, and the array was
digitized by Phosphorlmager. Whereas BSP, DMP1, and DSPP
exhibited minimal normal tissue expression, significant OPN
expression by normal tissues was observed. In fact, the highest
levels of expression of OPN were seen in normal kidney. Be-
cause MEPE expression was minimal in both normal and tumor
tissue, its expression was not analyzed further (data not shown).
The amount of hybridized probe was quantified, and the average
expression values of BSP, OPN, DMP1, and DSPP in normal
and tumor tissue were compared (Fig. 2). The expression levels
of BSP were significantly elevated (from 2- to 6-fold) in cancer
of the breast, colon, rectum, thyroid, and kidney. OPN expres-
sion was significantly elevated (2- to 4-fold) in cancer of the
breast, uterus, colon, ovary, lung, recturm, and thyroid. DMP!
exhibited significant (1.7- to 3-fold) elevated expression in
cancer of the breast, uterus, colon, and lung, whereas DSPP
exhibited significant (2-fold) increase in cancer of the breast and
lung. Elevated SIBLING family expression was greatest in
breast cancer, in which expression of four different family
members was increased. Colon, lung, and thyroid cancer had
significantly elevated expression of three different SIBLING
family members. Of the nine different types of tumors quanti-
fied, each one had a significantly high expression of at least one
SIBLING.

Matrix Metalloproteinases Are Elevated in Multiple
Cancer Types. We have recently shown that three members
of the SIBLING family can specifically bind and modulate the
activity of three different MMPs (11). The SIBLINGs BSP,
OPN, and DMP1 were found to bind to and modulate the
activity of MMP-2, MMP-3, and MMP-9, respectively. Corre-
sponding MMP partners for DSPP and MEPE, if any, have yet
to be identified. Because MMPs have been postulated to play
major roles in tumor cell progression and metastasis (16), the
expression levels of SIBLING-matched MMPs were screened in
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Fig. 1 SIBLING expression in different cancer types. A cancer profiling array was hybridized with cDNA probes for SIBLINGs. The arrays
contained samples from 13 different types of cancer with paired normal and tumor tissue mRNA from individual subjects (4). The amount of
hybridized probe for BSP (B), OPN (C), and DMP! (D) was visualized by Phosphorlmager. br, breast cancer; ut, uterine cancer: co, colon cancer;
st, stomach cancer; ov, ovarian cancer; lu, lung cancer; ki, kidney cancer; re, rectal cancer; th, thyroid cancer; n, normal tissue; ¢, tumor tissue. Those
hybridization spots that are not contiguous with the identified tumor types represent patient samples with tumor types too few in number to be

statistically useful.

different cancer types. The cancer arrays were separately hy-
bridized with probes for MMP-2, MMP-3, and MMP-9, and the
expression values between normal tissue and the corresponding
tumor sample for each patient were compared (Fig. 3). MMP-2
expression was significantly elevated in cancer of the colon,
stomach, lung, and rectum. MMP-3 expression exhibited signif-
icant elevation in cancer of the breast, colon, stomach, and
rectum. MMP-9 expression levels were significantly elevated in
cancer of the breast, uterus, colon, stomach, ovary, lung, rectum,
and kidney. The increases in expression ranged from 2- to 3-fold
higher for MMP-2 and MMP-3, whereas expression levels were
increased 2- to 7-fold for MMP-9.

Correlated Expression of SIBLINGs and Their Partner
Matrix Metalloproteinases. Given the observed binding and
activation specificity seen with SIBLINGs and their partner
MMPs [BSP with MMP-2, OPN with MMP-3, and DMP1 with
MMP-9 (11)], it was reasonable to postulate that SIBLINGs and
their paired MMPs might exhibit correlated expression levels.
When the levels of SIBLING and matched MMP expressed by

individual tumors were analyzed by regression analysis, signif-
icant correlation was seen within different cancer types (Fig. 4).
The expression of BSP and MMP-2 was significantly correlated
in breast and colon cancer [ = 0.40 (P < 0.0001) and +* =
0.36 (P = 0.0001), respectively]. OPN pairing with MMP-3
showed a significant correlation in stomach and ovarian cancer
[** = 0.52 (P < 0.0001) and r* = 045 (P =< 0.005), respec-
tively]l. DMP{ and MMP-9 expression was significantly corre-
lated in lung and kidney cancer [ = 0.60 (P < 0.001) and »?
= 0.39 (P = 0.05), respectively]. Mismatched pairs of BSP with
MMP-3, OPN with MMP-2, or DMPI1 with MMP-2, for exam-

-ple, showed no significant correlation (data not shown).

SIBLING Expression Is Distinct in Different Cancer
Subtypes. Within cancers arising from a given tissue/organ,

there are histopathologically defined subtypes that are often
used in assessing disease course and treatment. There were
sufficient numbers of breast cancer array samples to permit
segregation by clinically defined subtypes of ductal versus lob-
ular tumors. The results of microarray screening of SIBLING
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expression in breast cancer tissue were segregated by the path-
ological classification, and the average values of each group
were compared (Fig. 5A). SIBLING mRNA levels were signif-
icantly higher in the ductal cancer groups, whereas the levels in
the lobular group were intermediate between normal and ductal
levels.

A similar analysis was carried out on uterine cancer sam-
ples, where there were sufficient numbers to permit segregation
into clinically defined subtypes of adenocarcinoma, squamous
cell, and benign tumors (Fig. 5B). OPN expression was signif-
icantly different between the two subtypes of malignant uterine
tumors (P = 0.005) and between malignant and benign tumors
(P = 0.05). The adenocarcinoma subtype expressed higher
levels than the squamous cell subtype.

SIBLING Expression and Tumor Stage. Defined can-
cer stages represent how large the tumor is and how far it may
have spread. The association of SIBLING expression levels with
turnor progression was investigated by identifying tumor types
with sufficient clinical detail to stratify into different tumor
stages. Tumors from colon, rectal, and lung cancer were
grouped by stage, and the distribution of SIBLINGs was com-
pared (Fig. 6). In general, cancer stages mark tumors that were
either localized and had a relatively small size (stage 1), local-
ized and larger in size (stage II), metastasized to lymph nodes
(stage III), or metastasized to distant sites (stage IV). Colon
cancer tumors exhibited mean values of BSP, OPN, DMP1, and
DSPP that increased between stage I and stage TII. Colon tumors
with distant metastases exhibited SIBLING values with a sim-
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ilar or Jower pattern of distribution than that of stage III tumors.
Rectal cancer tumors showed increasing BSP, OPN, and DMP1
levels from stage I to stage IV, whereas DSPP values were
unchanged across different stages. In lung cancer, BSP, OPN,
and DSPP levels increased with increasing stage. When the
association of SIBLING expression and tumor stage in colon
cancer was analyzed by Spearman rank order correlation anal-
ysis, only BSP was significantly correlated (Table 1). In rectal
tumors, BSP, OPN, and DMP1 levels correlated with stage,
whereas for lung cancer, BSP, OPN, and DSPP levels correlated
with stage. '

Breast cancer tumors were stratified into tumor-node-
metastasis (TNM) stages, which reflect tumor size (T), lymph
node involvement (N), and metastatic state (M). Enough breast
tumor samples were analyzed to enable the analysis of SIB-
LING expression and tumor progression. Tumors were grouped
by TNM stage, and the stages were ordered in sequence of

cofon stomach ovary lung rectum thyroid kidney
(3% @7 14 an a9 6} @n

*ps 0,05, ** p< 0,005, #% p < 0.0001

increasing progression. The sequence of tumors ranged from
those with no nodal involvement or metastasis state (N M) that
increased in size as well as N;M,, tumors that increased in size.
For BSP, OPN, DMP1, and DSPP, significant differences were
observed in the expression pattern as a function of tumor pro-
gression (Fig. 7; Table 1). Spearman rank order correlation
analysis of SIBLING values and TNM stage yielded significant
correlation for all four SIBLINGs.

DISCUSSION

Microarray technology has been typically used to screen
the simultaneous expression of many genes using an array
spotted with thousands of genes and measuring hybridization of
target cDNA generated from a given tissue or cell type. In
contrast, the cancer profiling array used in the current study was
developed to enable the quantification of expression of a single
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equal loading of cDNA onto the array membrane was carried
out by normalizing to the average expression of three house-
keeping genes: ubiquitin, B-actin, and M, 23,000 highly basic
protein (12, 21). The array has recently been used to profile a
number of genes that exhibited either up- or down-regulation in
cancer including gelsolin and glutathione peroxidase (12), netrin
1 (22), thiamin transporter THTR2 (23), PAGE 4 (24), and
XAGE-1 (25). Strong correlation between tumor tissue expres-
sion by the current cDNA microarray and by ir situ hybridiza-
tion (24, 25) as well as reverse transcription-PCR and immuno-
histochemical staining (26, 27) has been observed.

The microarray design pairing normalized cDNA from an
individual subject’s tumor and normal tissue enabled differences
in expression to be analyzed by paired ¢ test, which provided a
greater power to detect significant differences. Another method
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of evaluating the significance of biomarker elevation is to com-
pare target tissue measures to a cut point of the mean of normal
levels plus twice the SD (m + 2 SD). A value of >m + 2 SD
translates to a <<5% probability that the elevation is due to
chance (95% of normal values will lie within the m + 2 SD
range). The overall significance of the microarray results was
assessed by comparing concordance between these two methods
of analysis, as well as comparison with the published results of
other studies (Table 2). Elevated BSP expression was identified
in two tissues (breast and thyroid), in agreement with previous
studies. The current results for BSP did not replicate previous
reports on elevated expression in cancer of the uterus or lung.
Novel expression was identified in four different cancer types
(colon, stomach, rectum, and kidney). Elevated OPN expression
was observed in the current study in four different cancer types
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Table 1 SIBLING expression and tumor staging

Spearman rank order correlation BSP OPN DMP1 DSPP
Colon cancer*
Spearman coefficient (rg) 0.61 0.29 0.26 0.20
P <0.001 >0.05 >0.05 >0.05
Rectal cancer*
Spearman coefficient (rg) 0.61 0.72 0.49 0.28
P <0.005 <0.001 <0.05 >0.05
Lung cancer*
Spearman coefficient (rg) 0.70 0.70 —0.18 0.77
P <0.001 <0.001 >0.05 <0.0005
Breast cancer}
Spearman coefficient (rg) 0.62 0.38 0.37 0.47
P <0.0005 <0.05 <0.05 <0.005

* Spearman rank order correlation between mean SIBLING values and tumor stage. The Spearman coefficient value ( rg) is an a(ljusted value
(corrected for ties). Tumor stages for colon, rectal, and lung cancer were defined as stated in the Fig. S legend.

+ Correlation between mean SIBLING values and breast tumor progression. Spearman rank order correlation was performed on breast tumor
SIBLING expression levels grouped by TNM stage and ordered across increasing progression (T,NyM,, T.NgM,, T-NoM,, T \N\M,, TZN M,
T3N;My). Breast tumor T stages were defined as stated in the Fig. 6 legend.

(breast, colon, ovary, and lung) in agreement with other pub-
lished studies. For cancer of the stomach, thyroid, and kidney,
the OPN expression levels and published literature were not in
concordance. Novel expression of OPN in cancer of the uterus

and rectum was identified. Elevated DMP1 expression was
confirmed in lung cancer and newly identified in breast cancer.
DMP] levels in cancer of the uterus and colon, although sig-
nificantly elevated by paired ¢ test, did not satisfy the >m + 2

- A

90000 b BSP

60000 F

30000 }

2, =T
g 0 = Leeed 4 i 1 1
. - B = —
180000 }- OPN
| |
o 120000 F , L
=
Z 60000 : @ é .- L
e 0 = =1} 1 I 1 1
o) L b
Z 60000 DMP1 ]
- ] n
m
73 40000
z !
Z 20000 ¢ @ T
3 ==, B8, o e
- D

27000 + ~ DSPP

18000 b

9000 }

e B @, &

0

=3

NL  TINGMO T2NOMO TINOMO TINIMO T2NIMO TINIMO
=10 {n=3}

{n=36) (n=10) (=6} {n=1) {n=4)

Fig. 7 Comparison of SIBLING mRNA lev-
els and tumor stage in breast cancer. The ex-
pression values of BSP (4), OPN (B), DMP1
(C), and DSPP (D) by breast cancer tumors
were stratified by increasing TNM stage, and
the values were compared. Top line, bottom
line, and line through the middle correspond to
75™ percentile, 25™ percentile, and 50" per-
centile (median), respectively. Error bar whis-
kers represent the 10" and 90™ percentile,
whereas B indicates the arithmetic mean.
Breast cancer TNM staging was as follows: T,
tumor = 2 cm in greatest dimension; T,, 2
cm < tumor < 5 cm; T3, tumor > 5 cm; Ng, no
regional lymph node metastasis; N, metastasis
to movable ipsilateral axillary lymph node(s);
N,, metastasis to movable ipsilateral axillary
lymph node(s) fixed to one another or to other

- structure; M, no distant metastasis; and M,,

distant metastasis. The number of subjects ()
for each group is shown at the bortom. The
normal group consisted of the 36 normal breast
tissue samples corresponding to the 36 paired
tumor tissues with well-defined TNM stage.
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Table 2 SIBLING expression in different cancer types

Breast Uterine Colon Stomach Ovarian Lung Rectal  Thyroid  Kidney
cancer cancer cancer cancer cancer _  cancer cancer cancer cancer
BSP
t test*® Yes No Yes Yes No No Yes Yes Yes
>m + 2 SDt Yes No Yes Yes Yes Yes Yes Yes Yes
Other studies (ref. no.)f 4 and 28 29 7 8
OPN
t test* Yes Yes Yes No Yes Yes Yes Yes No
>m + 2 SDf Yes Yes Yes Yes Yes Yes Yes No No
Other studies (ref. no.)t 30 and 31 32and 33  34and35 36and 37 38 and 39 40 2
DMP1
1 test*® Yes Yes Yes No No Yes No No No
>m + 2 SD¥ Yes No No No No Yes No No No
Other stadies (ref. no)t 9
DSPP
1 test* Yes No No No No Yes No No No
>m + 2 SD7 No No No No No Yes No ‘No No

Other studies (ref. no.)t

* Signiﬁcant elevation defined by a paired f test pairing individual subject’s normal and tumor tissue expression levels.
T Significant elevation defined by a mean cancer tissue level of expression >m + 2SD.
1 Published studies finding increased expression of SIBLINGs in a given tumor type.

SD criteria. DSPP expression was elevated significantly by both
criteria in lung cancer, but only by paired  test in breast cancer.
Cancers for which the two analysis methods were not in accord-
ance are obvious targets for further, more extensive studies.

The observed increase in MMP-2 expression observed in
tumor samples is consistent with previous studies of breast (41,
42), colon (43—47), stomach (48, 49), lung (50-53), rectal (43,
54), and kidney cancer (55-57). Whereas a strong association of
increased MMP-3 has been found in breast cancer (41, 58-61),
the increased expression levels observed in other tumor types
are not as well supported by published literature. Altered
MMP-3 levels have been observed in colon (62—64), stomach
(65-67), and rectal (68) cancer, although in some cases, the
increases were relatively small. In addition, studies have indi-
cated that the MMP-3 source was not necessarily tumor cell but
stromal cell or another infiltrating cell type, distinct from the
tumor. The observed increases in MMP-9 expression are con-
sistent with published studies of breast (41, 69), uterine (70, 71),
colon (46, 53, 72), stomach (73-75), ovarian (76, 77), lung (50,
78), rectal (43, 79), and kidney cancer (56, 80).

A correlation of SIBLING message expression levels with
MMP message levels of their partners (BSP with MMP-2, OPN
with MMP-3, and DMP1 with MMP-9) was observed. That, in
association with the recently described ability of these SIB-
LINGs to bind to and modulate the activity of specific MMPs,
suggests that the same factors that activate SIBLING genes in
tumor progression may be the same ones that can activate the
corresponding MMP genes. It is also possible that the expres-
sion of one SIBLING member in a tumor may induce the
production of‘its corresponding MMP partner, or vice versa.
Interestingly, SIBLING production by tumors could facilitate
angiogenesis because both BSP and OPN have been shown to
possess angiogenesis activity in vivo (81, 82).

SIBLING expression was different between different sub-
types of cancer. Whereas the historical basis for the distinction
between the main two types of breast cancer (the belief that
ductal carcinomas arose from ducts and lobular carcinomas

from lobules) is subject to debate (both can arise from the
terminal duct lobular unit), there is evidence that the two classes
as used clinically refer to disease entities that differ in tumor
size, shape, dissemination, and proliferation rates (83). The most
common hallmark associated with the lobular classification is
multifocality. Lobular tumors tend to be more slowly prolifer-
ating than ductal tumors. They also tend to frequently exhibit
hormone receptor positivity and show distinct chromosomal
changes (84, 85). The more rapidly progressing ductal tumors
had an associated higher level of SIBLING expression. OPN
was recently identified by microarray analysis as a discriminat-
ing marker between ductal and lobular cancer (86). In our
current study, OPN, as well as BSP, DMP1, and DSPP were
significantly different between lobular and ductal tumors. Sim-
ilarly, the association of higher OPN expression with adenocar-
cinomas as opposed to squamous cell carcinomas in uterine
cancer may be associated with different size, shape, and pro-
gression rates.

SIBLING expression correlated with tumor stages associ-
ated with changing size and lymph node involvement. These
observations are consistent with SIBLING expression coupled
with MMP activity modulation having an effect on early tumor
progression. These results suggest SIBLINGs as potential mark-
ers of early disease progression in a number of different cancers.
Future studies of SIBLING expression and serum levels will
address the degree to which these tumor biomarkers can be
correlated with disease progression.
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APPENDIX IV

BONE SIALOPROTEIN BINDING TO MATRIX

METALLOPROTEINASE-2 ALTERS ENZYME INHIBITION KINETICS.
Alka Jain*, Larry W. Fisher#, and Neal S. Fedarko”
From the "Department of Medicine, Johns Hopkins University, Baltimore, MD 21224 and *Craniofacial
and Skeletal Diseases Branch, NIDCR, NIH, DHHS, Bethesda, MD. 20892.

Bone sialoprotein (BSP) is induced by
multiple neoplasms in vivo, its expression levels
* correlate with tumor stage and it can modulate
the activity of matrix metalloproteinase-2
(MMP-2). In this study, the hypothesis that
BSP acts biologically to lessen the effectiveness
of MMP inhibitors was investigated. Solution
and solid phase binding assays were carried out
demonstrating that binding between
recombinant BSP and latent as well as active
MMP-2 does not require the hemopexin
domain. BSP binding restored activity to
hemopexin-deleted MMP-2 inhibited by tissue
inhibitor of matrix metalloproteinase-2
(TIMP2) when activity was measured using
both natural, large macromolecular substrates
and synthetic, small molecular weight, freely
diffusable substrates. BSP effects on TIMP2
inhibition of wild type active MMP-2 were
quantified by varying small molecular weight
substrate concentrations at different fixed
inhibitor concentrations, and solving a general
linear mixed inhibition rate equation with a
global curve fitting program. The results
indicate an ~ 20-fold increase in the competitive
inhibition constant and an ~ 10-fold increase in
uncompetitive inhibition constant for the
MMP-2+BSP complex. To address whether the
failure of clinical trials of MMP inhibitors may
be explained at least in part by the activity of
BSP, the effect of BSP binding to MMP-2 on
inhibition by a small molecular weight drug
(illomastat) was similarly determined. An over
10-fold increase in Ky was observed. The ability
of BSP to modulate MMP inhibitor action in an
in vitro angiogenesis model system was tested.
When human umbilical vein endothelial cells
co-cultured with dermal fibroblasts in defined
medium were treated with either nM TIMP2 or
illomastat, the degree of tubule formation was
reduced while the addition of equimolar BSP
restored vessel formation.

The Small Integrin Binding Llgand N-
linked Glycoprotein (SIBLING) gene family is
clustered on human chromosome 4 and its

members ~include bone sialoprotein (BSP),
osteopontin, dentin matrix protein 1, matrix
extracellular phosphoglycoprotein, and dentin
sialophosphoprotein (1). BSP was once thought teo
be restricted in expression to mineralizing tissue
such as bones and teeth (2) but has recently been
shown to be expressed in ductal elements of
salivary gland (3) and kidney (4). SIBLINGs,
including BSP, are also induced in certain
neoplasms (5-15). SIBLINGs can be co-localized
to the cell surface through binding of o5 and/or
CD44 (16-18); exhibit correlation between
expression levels and tumor stage (19); and bind
and modulate the activity of different but specific
matrix metalloproteinases (MMP)s (20). Indeed,
BSP has been shown to enhance the invasion
potential of many human cancer cell lines in vitro
by bridging MMP-2 to the cell surface of the cells
through the aybs integrin (18).

MMPs are a family of structurally and
functionally related endoproteinases that are
involved in development and wound healing as
well as cancer angiogenesis and metastasis. We
have recently shown that active MMPs inhibited
by either tissue inhibitors of MMPs (TIMPs) or
low molecular weight synthetic inhibitors can be
reactivated by equimolar amounts of the
appropriate SIBLING partner (20). The current
study was undertaken to determine whether BSP
action on MMP-2 inhibition involves the
hemopexin domain, and to see if the SIBLING
alters MMP affinity for substrates, TIMP2 or small
molecular weight inhibitors. The biological
consequences of these interactions were tested in
an in vitro model system of angiogenesis.

Materials and Methods

Reagents. Pro- and active human MMP-2
was obtained from Oncogene Research Products
(Boston, MA) and Research Diagnostic Systems,
Inc. (Minneapolis, MN). Recombinant human
MMP-2 lacking the hemopexin domain was
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purchased from Biomol Research Laboratories,
Inc. (Plymouth Meeting, PA). The inhibitor
illomastat (GM6001, or N-[(2R)-2-(hydroxamido-
carbonylmethyl)-4-methylpentanoyl]-L-tryptophan
methylamide), substrate Ac-PLG-[2-mercapto-4-
methyl-pentanoyl]-LG-OC,Hs , and 5,5’-dithio-
bis-2-nitrobenzoic acid (DTNB ) were obtained
from Calbiochem (La Jolla, CA). TIMP2 was a
generous gift of Dr. H. Birkedal-Hansen, NIDCR,
NIH. Human serum adsorbed goat anti-rabbit IgG
conjugated to horseradish peroxidase (HRP) was
obtained from Kirkegaard & Perry (Gaithersburg,
MD). Recombinant human BSP that included post
translational modifications was made using an
adenovirus construct and eukaryotic cells and
purified (> 95% purity as defined by acrylamide
gel electrophoresis) as previously described (16).

Fluorescent binding studies. Intrinsic
tryptophan fluorescence binding studies of BSP
and mutant hemopexin-deleted MMP-2 were
carried out as previously described (20). BSP
contains no tryptophan groups while the
hemopexin-deleted MMP-2, contains 8 so the
intrinsic fluorescence changes are a result of the
change in conformation of the MMP alone.
Briefly, the relative change in fluorescence in the
area under the emission curve (300 to 500 nm at
295 nm excitation) was used to determine binding
curves. Fractional acceptor saturation (f,) as a
function of nM BSP added was determined by
calculating f; = (v — ¥9/(»» — ¥, where ysand y,
are the area under the curve of the fluorescent
emission profile of free and fully bound MMP-2,
Scatchard plots were made by fitting the
transformed data to the function »//BSP] = w/K; —
r/Ka., where r represents the binding function,
[BSP], BSP concentration, n the number of
binding sites and K, the dissociation constant.

Solid phase binding assays. The binding of BSP to
purified and immobilized MMP-2 was measured
by an indirect sandwich assay. Plates were coated
with the different forms of MMP-2 by adding 0.1
ml of 3.5 nM recombinant purified MMP-2 in 50
mM NaHCO;, pH 9.0 to each well of a Greiner
high-binding 96-well microtiter plates (stock #
655061, Greiner Bio-One, Longwood, FL)
incubated overnight at 4°C. The plates were
blocked with 5 % (w/v) nonfat dry milk in TBS for
60 min and then rinsed three times with TBS

containing 0.05 % Tween 20. BSP was added in
nM equivalents in TBS-Tween and incubated for
120 min at room temperature. After a second
round of three washes, bound ligand was
quantified by the addition of a 1:50,000 dilution of
specific rabbit anti-BSP antibody, LF100 (21),
followed by a 60 min incubation. After three
washes, second antibody (1:2000 goat anti-rabbit
horseradish peroxidase conjugated antibody) was
added and incubated for a further 60 min and color
was developed wusing diaminobenzamidine
substrate, and the absorbance at 405 nm was
measured. Non-specific binding was measured by
determining the ligand binding to wells coated
with BSA alone, and these values were subtracted
from the corresponding values for MMP-coated

wells.

High molecular weight substrate studies.
Fluorescein-conjugated gelatin (Molecular Probes,
Inc., Eugene, OR) substrate was used to follow
proteolytic activity as previously described (20).
This substrate is highly substituted with
fluorescein moieties so that the fluorescent signal
is self-quenched until proteolytic cleavage
liberates fragments and a robust fluorescent
emission is measured. The reaction mixture
consisted of the fluorescein-substrate conjugate
with 1.4 nM mutant hemopexin-free MMP -2
reacted with either 10 nM TIMP2, 10 nM TIMP2
+ 10 nM BSP, 10 nM BSP, or buffer alone (50
mM Tris, pH 7.6, 150 mM NaCl, 5 mM CaCl,).
Relative velocity plots were determined by
varying the substrate concentration between 0.025
and 15 pg/ml and determining the change in
fluorescence over the first hour of reaction.
Inhibitor titrations were carried out by varying
TIMP2 concentration from 1.6 to 1600 nM.
Fluorescent data was acquired with excitation at
485 nm and emission at 535 nm. Conditions were
run in duplicate.

Low molecular weight substrates. The
activities of mutant and wild type MMP-2 in the
presence and absence of TIMP2 and BSP were
measured using a small molecular weight
thiopeptide substrate (Ac-PLG-[2-mercapto-4-
methyl-pentanoyl]-LG-OC,Hs). Substrate was

incubated in assay buffer (50 mM HEPES, 10 mM
CaCl,, 0.05% Brij-35, 1 mM DTNB, pH 7.5) with
10 nM MMP-2 + different concentrations of
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TIMP2, a 10 nM [MMP-2+BSP] preformed
complex or MMP2 + TIMP2 + BSP added
simultaneously. Data from the first six minutes
were used to calculate velocity (pmols/sec) values.
Substrate cleavage was monitored using a Perkin
Elmer Victor 2 multilabel plate reader and
absorbance was measured at 412 nM. Preformed
complexes of [MMP-2+BSP] were formed by
incubation at 37 C for 30 minutes prior to addition
to the reaction mixture.

SDS PAGE, zymography. 10% zymogram
gelatin gels were obtained from Invitrogen, Inc.,
(Carlsbad, CA). Samples in zymogram gel sample
buffer were electrophoresed at a constant 125 V
for 90 min. Gels were processed for zymography
according to the manufacture’s instructions,
stained with 0.5% Coomassie Blue R250, and
bands were visualized by dynamic integrated
exposure using an Alphalnotech imaging system
(Alpha Inotech Corp., San Leandro, CA).

In vitro angiogenesis. Human umbilical
. vein endothelial cell (HUVEC) and human dermal
fibroblast co-cultures and EGM-2 defined medium
were obtained from TCS Cell Works (Botolph
Claydon, UK). The functional readout from this in
vitro assay was tubule formation. Tubule
formation was defined by the total number of
tubules, total tubule length, mean tubule length,
and number of branches. Test conditions were run
in triplicate wells with 8 conditions per 24 well
plate. The cells were treated starting on day six of
culture with 5 nM BSP, 5 nM TIMP2, 5nM BSP +
TIMP2, 5 nM GM6001, 5 nM GM6001 + BSP, or
buffer alone. Medium was changed every other
day with fresh medium containing experimental
conditions. Cells were fixed in 70 % ethanol on
day 12 and tubule formation was quantified
following immunostaining with a mouse anti-
human PECAM-1 monoclonal antibody (TCS Cell
Works), and the secondary antibody being goat
anti-mouse IgG alkaline phosphatase coupled
antibody, with 5-bromo-4-chloro-3-indolyl
phosphate/ nitro blue tetrazolium (BCIP/NBT;
Sigma) as substrate. Images were visualized on a
Nikon Diaphot inverted microscope and digitized
with a Polaroid CCD digital camera and software.
Two images per well were captured, digitized and
the number of tubules, the number of branch
points (junctions) between tubules, as well as the
total tubule length (in pixels) determined using

AngioSys Version 1.0 software. (TCS Cell Works,
Botolph Claydon, UK).

For zymographic analyses of MMP-2, a
membrane-associated fraction was prépared from
the HUVEC cocultures essentially as described by
Ward et al (22). Briefly, HUVEC cells were
scraped from culture wells in cold 5 mM Tris HCI
(pH 7.8), homogenized, and crude membranes
were prepared by centrifugation of the cell lysate
at 10 000 x - g for 15 minutes at 4°C. The
supernatant was centrifuged at 105 000 x g for 1
hour at 4°C; then, the supernatant was removed
and saved, and the membrane fraction was
resuspended in 20 mM Tris HCI (pH 7.8), 10 mM
CaCly, and 0.05% Brij 35.

RESULTS

Bone sialoprotein binding does not
require the hemopexin domain. MMPs consist of a
catalytic domain and a hemopexin-like domain
thought to be essential for the binding of many
natural substrates. TIMPs have binding sites in
both the hemopexin and catalytic domains (23).
We have shown previously that BSP can bind to
both pro- and active MMP-2 (20). Whether BSP
interacts with the hemopexin domain or, at least in
part, with the catalytic region was investigated by
studying the binding characteristic of BSP to
recombinant human MMP-2 that lacks the
hemopexin domain. When the intrinsic tryptophan
fluorescence of the mutant MMP-2 was followed
during titration with BSP, quenching of the signal
similar to that previously seen for the intact MMP-
2 was observed (Fig. 1). The area under the
emission peaks was quantified and used to
determine the change in fluorescence and calculate
both the fractional acceptor saturation as a
function of nM BSP added and a corresponding
Scatchard plot. BSP binding was saturable and its
affinity for the mutant protein was actually higher
than that for intact MMP-2 (K4 = 0.07 + 0.03 nM
for mutant MMP-2 versus 0.32 + 0.02 nM for
active MMP-2, and 2.9 + 0.9 nM for pro-MMP-2).

An alternative method to confirm BSP and
MMP-2 binding was employed. Solid phase
binding assays were developed to measure BSP
binding to immobilized forms of MMP-2.
Microtiter plates coated with either proMMP-2,
active MMP-2 or hemopexin-deleted MMP-2 were
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reacted with increasing concentrations of BSP and
the amount bound quantified by specific
antibodies (Fig. 1D). The binding of BSP to MMP
variants was saturable. Scatchard plot analysis
revealed BSP binding with a K4 = 0.39 + 0.04 nM
for mutant MMP-2 versus 0.36 = 0.04 nM for
active MMP-2 and 2.1 = 0.1 nM for pro- MMP-2
(Fig. 1E). While the pro- and active forms of
MMP-2 exhibited essentially similar binding
constants by the two different binding methods,
the mutant form of MMP-2 exhibited a distinct K4
value which may be reflecting differences in solid
phase binding orientation in the absence of the
hemopexin domain.

Bone sialoprotein modulation of MMP-2
activity does not require the hemopexin domain.
We recently reported that BSP can restore
enzymatic activity to MMP-2 incubated with
TIMP2 when activity was followed using a
natural, large molecular weight substrate (gelatin)
(20). The effect of BSP on the activity of the
mutant MMP-2 was therefore investigated using
the gelatin-fluorescein large molecular weight
substrate assay (Fig. 2 A-C). The change in
substrate fluorescence caused by mutant MMP-2
alone compared to a complex of equimolar mutant
MMP-2 + BSP was not significantly different. As
expected, the addition of equimolar TIMP2 to
mutant MMP-2 caused a significant decrease in
the rate of fluorescence change. However,
inclusion of equimolar BSP to mutant MMP-2 +
TIMP2 complexes restored the rate of
fluorescence change to that of mutant MMP-2
alone showing that the TIMP2 became ineffective
in the presence of bound BSP. Substrate velocity
plots as a function of substrate concentration
yielded no significant difference for mutant MMP-
2 in the presence or absence of BSP. Titration of
the large molecular weight substrate given to
mutant MMP-2 + TIMP2 complexes revealed that
over a 100-fold excess of TIMP2 was required to
inhibit activity to 20 %. For complexes of
equimolar mutant MMP-2 + TIMP2, the rate of
the reaction was decreased to 67 %, while the
presence of equimolar BSP restored activity to 97
%.

A low molecular weight peptide substrate
assay, which provides a better measure of the
catalytic site only, was next used and enabled
kinetic parameters to be evaluated (Fig. 2 D-E).

Similar to results with the large molecular weight
substrate, the addition of BSP alone did not
significantly alter mutant MMP-2 enzyme product
evolution. Furthermore, the TIMP2 inhibited
product evolution as expected and the addition of
BSP to the preformed mutant MMP-2/TIMP2
complex returned the digestion to uninhibited
levels. Substrate velocity plots of mutant MMP-2
+ BSP yielded no statistically significant
difference in fitted Ky, or vy, values (Table I)
verifying the observations with the larger substrate
that the conformational changes induced by BSP
did not significantly affect the actions of the active
site itself. Titration of the small molecular weight
substrate and mutant MMP-2 with varying
concentrations of TIMP2 indicated that at 10-fold
excess, TIMP2 inhibited mutant MMP-2 activity
to 20 %, while equimolar TIMP2 inhibited mutant
MMP-2 and to 34 %. The addition of equimolar
BSP was able to restore the activity of mutant
MMP-2 treated with TIMP2 to 85 %. These data
suggest that BSP reactivation of TIMP2-inhibited
MMP-2 does not require the hemopexin domain of
MMP-2.

TIMP Inhibition kinetics. To determine the
effect of BSP on active wild type MMP-2 and
TIMP2 reaction kinetics, the small molecular
weight substrate was employed to follow product
evolution. over time. MMP-2 incubated with
increasing concentrations of TIMP2 exhibited the
expected dose-dependent inhibition (Fig. 3A). The
inhibition by TIMP2 was significantly decreased
by the presence of either a performed complex of
[MMP-2+BSP] or by the simultaneous addition of
BSP and TIMP2 to MMP-2 (Fig. 3B, C). To
investigate whether decreased inhibition of MMP-
2 by TIMP2 in the presence of BSP was associated
with an altered affinity, substrate-velocity plots
were obtained by varying substrate concentrations
of each at different but fixed inhibitor
concentrations. Reaction conditions included
either TIMP2 + 10 nM MMP-2, TIMP2 +
preformed equimolar complexes of 10 nM [MMP-
2+BSP], or simultaneous mixes of TIMP2 + 10
nM MMP-2 + 10 nM BSP (Fig. 3D - E).

Because there are two distinct binding
sites for TIMP2 on MMP-2, TIMP2 does not act
purely as a competitive inhibitor (24).. The
common types of inhibition (competitive,




APPENDIX IV

uncompetitive, noncompetitive) are all special
cases of linear mixed inhibition (25). The
generalized linear mixed inhibition equation v =
Vi SV{Ku(1+ [1J/K) + [S](1+[1]/K,)}, was
employed to determine the reaction rate. V., is
the limiting rate, K, is the Michaelis constant, K,
is the competitive inhibition constant and K, is the
uncompetitive inhibition constant. For competitive
- inhibition, [IJ/K;, is negligible while for
uncompetitive inhibition [IJ/K,. is negligible. In
pure noncompetitive inhibition the inhibition
constants are equal.

The family of substrate-velocity curves
(Fig. 3D-F) were solved for linear mixed
inhibition using a global curve-fitting program
(Prism 4, GraphPad Software, Inc.,) with V., Ko,
K. and K, set as shared parameters. The results
indicate a significant increase in K. and K, values
for the [MMP-2+BSP] complex as well as the
simultaneously added MMP-2 + BSP (Table I).
This indicates a relatively poor affinity of the
inhibitor for MMP-2 in the presence of BSP. The
order of magnitude change in apparent inhibitor
affinity for MMP-2 in the presence of BSP
indicates that SIBLING modulation of MMPs can
be physiologically significant.

Hlomastat inhibitor kinetics. The MMP
inhibitor illomastat was utilized to test whether
small molecular weight drug inhibition of MMP-2
activity could be modulated by BSP. Illomastat at
a 1 nM concentration inhibited the initial velocity
of MMP-2 activity to 39 % of control activity,
while the same concentration of inhibitor reduced
the activity of the [MMP2+BSP] complex to only
70 % of control suggesting that the inhibitor is
much less effective against MMP-2 in the
conformation resulting from the binding of BSP
(Figure 4A). To quantify the effects of BSP on
MMP-2 inhibitor kinetics, substrate-velocity plots
were obtained by varying substrate concentrations
of each at different but fixed illomastat
concentrations. Reaction conditions were either
10 nM MMP-2 alone, or with preformed 10 nM
equimolar [MMP-2+BSP] complexes (Fig. 4B, C).

Because Illomastat is a competitive
inhibitor, kinetic parameters in the presence and
absence of BSP can be determined by fitting the
substrate-velocity curves to the equation for

competitive inhibition: vy =
Viaxl S/K (1 +[IJ/K; )+ [S]; where V.. is the
limiting rate, X, is the Michaelis constant, K. is
the competitive inhibition constant, /S] is substrate

. concentration and /[I] is illomastat concentration.

The family of substrate-velocity curves were
solved for competitive inhibition using a global
curve-fitting program (Prism 4, GraphPad
Software, Inc.,) with V.., K, and K. set as shared
parameters. The results indicated a significant
increase (~ 100-fold) in K. value for the [MMP-
2+BSP] complex (Table I). Thus illomastat
exhibited a reduced affinity for MMP-2 in the
presence of BSP.

BSP restores activity to inhibited MMPs in
vitro. The ability of BSP to restore enzymatic
activity to TIMP2- and illomastat-inhibited MMP-
2 in a purified component assay led to a screen of
the effects of BSP on MMP inhibitors in an in
vitro angiogenesis system. 5 nM BSP alone
stimulated tubule formation by HUVEC cells
while separately illomastat (GM6001) and TIMP2
inhibited tubule formation below control levels
(Figure 5). The inclusion of BSP with MMP-
specific inhibitors restored tubule formation.
Quantification of tubule formation using AngioSys
Ver. 1.0 software revealed that the addition of BSP
to TIMP2 or illomastat-treated cells restored not
only the number of tubules but also the number of
branch points and total tubule length (in pixels) to
values not significantly different from BSP
enhancement alone (Figure 6). The effect of BSP
on MMP-2 levels and activity in the in vitro
angiogenesis system was also studied by two
other, complementary systems. MMP activity
measured by the fluorescein-gelatin substrate
assay and a rate of digestion of gelatin by
zymography. Both assays exhibited a consistent
pattern of increased enzymatic activity in BSP-
treated conditions.

DISCUSSION

BSP is a member of the SIBLING gene
family (2). It is extended and flexible in solution
and such lack of ordered structure is shared by a
number proteins that have multiple binding
partners (1). BSP can bind the owf; integrin (via
its RGD sequence) (26,27) and to complement
Factor H (16). BSP can also bind to and modulate
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the activity of MMP-2 (20). BSP binding to latent
MMP-2 was associated with increased proteolytic
activity and BSP binding to TIMP2-inhibited
MMP-2 restored activity (20). Binding of BSP to
MMP-2 caused conformational changes as
observed by fluorescent quenching of MMP-2’s
tryptophan residues during BSP binding titration
(indicating a change in the microenvironment of
the MMP’s tryptophans). A trimolecular complex
of BSP, ayfp; and MMP-2 has been demonstrated
by immunoprecipitation, flow cytometry, and in
situ hybridization in cancer cells grown in vitro
(18). BSP message was induced in multiple
cancers and its expression correlated with paired
MMP-2 expression as well as tumor stage (19).

MMP-2, a gelatinase that can degrade
components of the extracellular matrix at
physiological pH, is regulated in vivo by the
naturally occurring TIMPs. TIMP2 binding to
MMP-2 involves distinct domains on both the
inhibitor and the enzyme (28-30). The binding and
kinetics of MMP-2 and TIMP2 are more complex

than simple competitive inhibition. In our analyses

we have used a mixed linear model of mixed
inhibition (25) and observed inhibition constants
in the < nM range. K; values in sub-nanamolar
range for TIMP2 and MMP-2 using the same
substrate have been reported in the literature (31-
33), though a more recent analysis has yielded 3-
to 4-fold higher estimation (23). The different
reported values are most likely due to differences
in sources and concentrations of substrate, enzyme
and inhibitor.

SIBLING binding to active MMPs
inhibited by TIMP or small molecular weight
MMP-specific inhibitors could restore activity
through multiple mechanisms. Possible
mechanisms include blocking inhibitor access
(steric blocking), binding to the inhibitor
(stripping), or by altering inhibitor affinity. The
analysis of inhibitor kinetic parameters as well as
binding order effects can be used to distinguish
between steric blocking or affinity changes. Based
on the current studies with BSP, MMP-2 and
TIMP2, SIBLING binding to MMP did not
significantly alter K,,, values but did alter MMP
affinity for inhibitor. SIBLING binding to
inhibitor (stripping) was not observed.

BSP was found to significantly reduce the
affinity of a small molecular weight synthetic
inhibitor (illomastat) for MMP-2. Illomastat as a
hydroxamate class inhibitor blocks the activity of
multiple MMPs and has been used to disrupt
angiogenesis and metastasis (34-36), TNFa
processing (37), and experimental autoimmune
encephalitis (38). The magnitude of change in
apparent inhibitor affinity for MMP-2 in the
presence of BSP indicates that SIBLING
modulation of MMP inhibition by small molecular
weight drugs can be physiologically significant.

Finally, a cell culture model system was
used to test whether BSP modulation of MMP-2
inhibition occurs in vitro. The in vitro model of
angiogenesis utilized human -umbilical vein
endothelial cells (HUVECs) co-cultured with
normal adult human diploid dermal fibroblasts.
The endothelial cells form small islands amongst
the fibroblasts, proliferate, and migrate through the
co-culture matrix to form thread-like tubule
structures. These cord-like structures join up to
form a network of anastomosing tubules. These
linked tubules produce endothelial cell-specific
components such as von Willebrand Factor and
PECAM-1 (CD31) that can be stained
immunohistochemically and quantified. The
observed effects of BSP (stimulating basal tubule
formation and restoring formation to TIMP2- or
illomastat-inhibited cultures) was consistent with
BSP modulating MMP-2 activity. Profiling MMP-
2 levels and activity in the in vitro system (by
zymography and fluorescent substrate assays)
demonstrated changes with BSP treatment. BSP
has been shown to promote angiogenesis in the
chick chorioallantoic membrane system (40).
Thus, BSP has biochemical and biological
plausibility to be playing an active role in tumor
progression in vivo. BSP is induced by multiple
neoplasms in vivo and its modulation of MMP
inhibition might contribute to the relative lack of
efficacy seen in the recent clinical trials of MMP
inhibitors in numerous cancers (39).
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FIGURE LEGENDS

Figure 1. BSP binding to MMP-2 does not require the hemopexin domain. Binding interactions between
mutant MMP-2 lacking the hemopexin domain and BSP were followed by intrinsic tryptophan
fluorescence of the MMP-2 protein (BSP has no tryptophans). 1 nM mutant MMP-2 was reacted with
increasing concentration of BSP. Intrinsic tryptophan fluorescence was monitored by excitation at 295 nm
and recording emission from 300 to 500 nm using a Photon Technology International Series M
fluorimeter (A). Binding saturation was followed by monitoring the change in the area under the emission
peak curve (inset). The area under the emission peak curve was used to determine a binding curve by
calculating fractional acceptor saturation versus nM BSP added (B) and the corresponding Scatchard plot
(C). The binding interaction between BSP and latent MMP-2 (&), active MMP-2 (O) and mutant
hemopexin-free MMP-2 (O) were investigated by solid phase binding assays (D). Scatchard plots derived
from solid phase binding assays of BSP and latent MMP-2, active MMP-2 and hemopexin-deleted MMP-
2 were determined (E.).

Figure 2. BSP binding to hemopexin-deleted MMP-2 keeps TIMP2 from inhibiting the protease activity.
The effect of BSP on the activity of the mutant MMP-2 was profiled using the fluorescein-labeled large
molecular weight (gelatin) substrate assay (A). Reaction conditions included mutant MMP2 (0), mutant
MMP?2 + BSP (O), mutant MMP2 + TIMP2 (A), and mutant MMP2 + TIMP2 +BSP (A). The effect of a
varying substrate concentration on the relative velocity of the mutant enzyme in the presence (O) or
absence (O0) of BSP was analyzed by linear regression analysis over the first hour and the slope
determined at each substrate concentration (B). Similarly, the relative rates of 12.5 pg/ml substrate
cleavage by 1.4 nM mutant MMP-2 in the presence of increasing concentrations of TIMP2 were
compared by plotting the fluorescent change/min at each dose (C). Conditions included mutant MMP2
alone (O), mutant MMP2 + TIMP2 (A), and mutant MMP2 + TIMP2 + BSP (A). The action of BSP on
mutant MMP2 activity using a small molecular weight substrate was determined by following pmol
product evolution over time (D), velocity plots (E) and TIMP2 inhibition curves (F). Reaction conditions
included mutant MMP2 (00), mutant MMP2 + BSP (O), mutant MMP2 + TIMP2 (A), and mutant MMP2
+ TIMP2 +BSP (A). For substrate titrations and TIMP2 dose response, three separate experiments were
combined and values plotted present the mean with error bars representing the standard deviation.

Figure 3. BSP effects on TIMP2 inhibition of MMP-2. Small molecular weight substrate was incubated in
assay buffer at a final concentration of 100 pM with (A) 10 nM MMP-2 and different concentrations of
TIMP2 or (B) 10 nM preformed complex of [MMP-2+BSP] incubated with increasing concentrations of
TIMP2, or (C) simultaneously added 10 nM MMP-2 + BSP and different concentrations of TIMP2,
TIMP2 concentrations ranged from 0 (0), 1 (O), 5 (A), 10 (<), and 20 (V) nM TIMP2. MMP-2 and BSP
concentration was 10 nM. Reaction rates were profiled by increasing substrate concentration from 10 to
200 pM. Data from the first six minutes of each reaction condition were used to calculate V, (pmols/sec)
values. Substrate-velocity plots of MMP-2 incubated with different concentrations of TIMP2 (D), of
[MMP-2+BSP] complexes incubated with varying concentrations of TIMP2 (E), or of MMP-2 incubated
simultaneously with TIMP2 and BSP (F) were determined. Preformed complexes of [MMP-2+BSP]
were formed by incubation at 37 C for 30 minutes prior to addition to the reaction mixture. Six separate

experiments were combined for each condition and values shown represent the mean + the standard
deviation.

Figure 4. BSP effects on illomastat (GM6001) inhibition of MMP-2. 100 uM peptide substrate was
incubated with 10 nM MMP-2 (O0), 10 nM MMP2 + 1 nM illomastat (A), or [10 nM MMP2+10 nM BSP]
+ 1 nM illomastat (A) and the evolution of product followed by absorbance at 405 nm (A). Substrate-
velocity plots were generated by increasing substrate concentration at different fixed inhibitor
concentrations with the slope over the first six minutes being used to calculate V, values (B, C). Active
MMP-2 was incubated with illomastat whose concentration varied from 0 (O), 0.1 (O), 0.5 (A), 1 (<), 5
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(V), and 10 (5r) nM. The inhibitor was added to either directly to MMP-2 (B) or to a preformed complex
of [MMP-2+BSP] (C). .

Figure 5. BSP stimulates angiogenesis and overcomes MMP-2 inhibitors in vitro. HUVEC cells were
treated starting on day 6 of culture with vehicle alone (A), 5 nM GM6001 (B), 5 nM TIMP2 (C), 5 nM
BSP (D), as well as combinations of 5 nM BSP + 5 nM GM6001 (E) or 5 nM BSP + 5 nM TIMP2 (F).
The cells were fixed on day 12 and probed with a PECAM! antibody (blue) to visualize tubule formation.
Note that BSP stimulated tubule formation and in equimolar amounts overcame the inhibitory effects of
both natural (TIMP) and synthetic (GM6001) MMP-2 inhibitors.

Figure 6. Quantification of the effects of recombinant BSP on tubule formation and in overcoming the
effects of MMP-2 inhibitors. Two distinct fields from each triplicate well of the experimental conditions
described were digitized as TIFF files and analyzed using AngioSys Ver. 1.0 software (TCS Cell Works,
Buckingham UK). The image analysis package determined the number of tubules (A), the number of
branch points or junctions (B) between tubules, as well as the total tubule length in pixels (C). In each
case BSP stimulated the angiogenesis parameters even in the presence of the normally inhibitory effect of
both natural (TIMP) and synthetic (GM6001) MMP-2 protease inhibitors. In addition a ce!l surface-
associated pool from day 10 cohort cultures was assayed for MMP activity by the large fluorescein-
gelatin substrate assay (D) and by zymography (E). Note that BSP caused increased cell surface -
accumulation of MMP-2 activity in the presence and absence of inhibitors. C, control, B, BSP; T, TIMP2;
T+B, TIMP2 + BSP: G, GM6001; G+B, GM6001 + BSP. The region of the zymogram corresponding to
active MMP-2 is shown.
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TABLES

Table I. BSP & MMP-2 kinetic values.

Km I Vmax I Kic | I<I
mMMP2 96+ 13  0.20+0.01
mMMP2+BSP - |159+£14 0.18+0.02
MMP2 10314 1.9 0.1
MMP2+BSP 90+10 21«2
MMP2+TIMP2 1039  1.9+0.8 0.67 £ 0.06 14+£0.2
(0.45+0.03) (0.19 +0.02)
[MMP2+BSP+TIMP2 | 127+18 2.1£0.2 2412 T+1
(20+9) 9+ 4)
MMP2+TIMP2+BSP 98+14 1.8+0.1 10+£3 9+2
(13 £3) (10 £ 3)
MMP2+GM6001 100+23 1.8+0.2 0.13 £0.03
MMP2+BSP+GM6001 | 85+10 1.5+0.1 14+4

For the small molecular weight substrate peptide substrate, K,, values are pM and for TIMP2 and
illomastat the X; values are nM. Abreviations: mMMP2, mutant hemopexin-deleted MMP-2; BSP, bone
sialoprotein; TIMP2, tissue inhibitor of matrix metalloproteinase-2; GM6001, illomastat. K. and K,
values were determined by fitting the generalized linear mixed inhibition equation and X, values
determined using the equation for competitive inhibition.

FOOTNOTES ‘ '

! The abbreviations used are: SIBLING, Small, Integrin-Binding Llgand, N-linked Glycoprotein; BSP,
bone sialoprotein; MMP, matrix metalloproteinase; proMMP, pro-matrix metalloproteinase; TIMP, tissue
inhibitor of matrix metalloproteinase; TBS, Tris buffered saline; HRP, horse radish peroxidase; », binding
function; Csg, total ligand concentration; C, total acceptor concentration; £,, fractional acceptor saturation.
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APPENDIX V

Era of Hope 2005 Department of Defense Breast Cancer Research Program Meeting. June g™ —11™,
2005, Philadelphia, PA.

SMALL INTEGRIN BINDING LIGAND N-LINKED GLYCOPROTEINS (SIBLINGS) BIND AND
ACTIVATE MATRIX METALLOPROTEINASES.

Alka Jain®, Larry W. Fisher?, and Neal S. Fedarko’
" Division of Geriatric Medicine, Department of Medicine, Johns Hopkins University,
* National Institutes of Health, DHHS, Bethesda, MD.

Matrix metalloproteinases (MMPs) are critical for development, wound healing, and for the progression
of cancer. MMPs are generally accepted to be secreted in a latent form and to be activated only upon
removal of their inhibitory propeptides. We have been studying a gene family we term SIBLINGs (for
Small Integrin-Binding Ligand N-linked Glycoproteins) that are induced by certain neoplasms.
Members of the SIBLING family include bone sialoprotein (BSP), osteopontin (OPN), dentin matrix
protein (DMP1), dentin sialophosphoprotein, and matrix extracellular phosphoglycoprotein. Our
published work has shown that BSP and OPN are extended and flexible in solution (such lack of ordered
structure is shared by a number proteins that have multiple binding partners). SIBLINGs can bind
integrins including _atVB3 via their RGD sequence. OPN and DMP1 can also bind CD44 (via an amino
terminal domain). SIBLINGs can bind to complement Factor H and sequester it to the cell surface
thereby regulating complement-mediated cell lysis. More recently we have investigated the ability of
SIBLINGs to bind to and modulate the activity of specific MMPs.

Three members of the SIBLING family (BSP, OPN and DMP1) were able to specifically bind (Kd=nM)
three different MMPs. BSP specifically bound to pro- and active MMP-2, while OPN bound to pro- and
active MMP-3, and DMP1 bound pro- and active MMP-9. Binding was demonstrated by: 1) co-
purification of the pairs through nondenaturing chromatographic columns; 2) solution phase intrinsic
fluorescence binding studies; and 3) showing that BSP and OPN affinity columns can be used to purify
MMP-2 and MMP-3, respectively, from media containing several MMPs. Binding of SIBLING to their
corresponding proMMPs was associated with structural changes as indicated by: 1) fluorescent
quenching during SIBLING binding titration (indicating a change in the microenvironment of the
MMP's tryptophans); 2) increased susceptibility of proMMP-SIBLING pairs to plasmin digestion; 3)
increased enzymatic activity of the pro-MMPs upon binding their specific SIBLING partner; 4) reduced
ability of specific low molecular weight inhibitors to block SIBLING + MMP complexes; and 5)
restoration of activity to TIMP-inhibited MMPs by the corresponding SIBLING.

SIBLING expression has been correlated with cancer progression and severity and it is interesting to
consider that these proteins may be locally activating their corresponding proteases in vivo. Perhaps
most significantly (from a clinical standpoint) SIBLINGs were found to restore activity to propeptide-
free MMPs whose activity had been blocked by both natural and synthetic inhibitors. SIBLINGs are
induced by neoplasms in vivo and their modulation of MMP activity might contribute to the relative lack

of efficacy seen in the recent clinical trials of MMP inhibitors.

The U.S. Army Medical Research and Materiel Command under DAMD17-02-0684 supported this
work.
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Era of Hope 2005 Department of Defense Breast Cancer Research Program Meeting. June 8" — 11™,
2005, Philadelphia, PA.

SMALL INTEGRIN BINDING LIGAND N-LINKED GLYCOPROTEIN (SIBLING) GENE FAMILY
EXPRESSION IN BREAST CANCER. '

Alka Jain*, Larry W. Fisher”, and Neal S. Fedarko™
" Department of Medicine, Johns Hopkins University, Baltimore, MD 21224 and *National Institutes of
Health, DHHS, Bethesda, MD.

We have recently shown that members of the SIBLING (Small Integrin Binding Ligand N-linked
Glycoprotein) gene family have the capacity to bind and modulate the activity of matrix
metalloproteinases (MMPs). MMPs play critical roles in tumor progression and metastasis. A systematic
study of SIBLING and MMP expression by tumors was undertaken. The expression levels of five
SIBLING gene family members - bone sialoprotein (BSP), osteopontin (OPN), dentin matrix protein
(DMP1), matrix extracellular phosphoglycoprotein (MEPE), and dentin sialophosphoprotein (DSPP) as
well as certain MMPs were determined using a cancer profiling array that contained normalized cDNA
from both tumor and corresponding normal tissues from 53 individual patients.

Significantly elevated SIBLING family expression was observed in breast cancer where all SIBLINGs
but MEPE were increased. Given the observed binding and activation specificity seen with SIBLINGs
and their partner MMPs (BSP with MMP-2, OPN with MMP-3, and DMP1 with MMP-9, it was
reasonable to postulate that SIBLINGs and their paired MMPs might exhibit correlated expression
levels. When the levels of SIBLING and matched MMP expressed by individual tumors were analyzed
by regression analysis, significant correlation was seen for the expression of BSP and MMP-2 (* = 0.40,
p <0.0001) and OPN pairing with MMP-3 (+* = 0.28, p < 0.0001). SIBLING expression levels in breast
cancer tissue were segregated by subtypes of either ductal or lobular tumors and the average values of
each group compared. SIBLING mRNA levels were significantly higher in the ductal cancer groups,
while the levels in the lobular group were intermediate between normal and ductal levels. The ductal
versus lobular subtypes correspond to disease entities that differ in tumor size, shape, dissemination and
proliferation rates. ‘

The association of SIBLING expression levels with tumor progression was investigated by stratifying
breast cancer tumors into TNM stages, which reflect tumor size (T), lymph node involvement (N), and
metastatic state (M). The sequence of tumors ranged from those with no nodal involvement or metastasis
state (NOMO), but that increased in size (from T1 to T2 to T3) as well as N1MO tumors that increased in
size. For BSP, OPN, DMP1 and DSPP significant differences were observed for the expression pattern
as a function of tumor progression when analyzed by nonparametric ANOVA. Regression analysis of
SIBLING values and TNM stage yielded significant correlation for all four SIBLINGs. SIBLING
expression correlated with tumor stages associated with changing size and lymph node involvement.
These results suggest SIBLINGs possess biological plausibility to be playing a role in early disease
progression in breast cancer. - :

The U.S. Army Medical Research and Materiel Command under DAMD17-02-0684 supported this
work.
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Era of Hope 2005 Department of Defense Breast Cancer Research Program Meeting.
June 8" — 11", 2005, Philadelphia, PA.

SMALL INTEGRIN BINDING LIGAND N-LINKED GLYCOPROTEINS MODULATE MATRIX
METALLOPROTEINASES AND ANGIOGENESIS.

N. Fedarko®, L.W. Fisher®, A. Jain".

" Department of Medicine, Johns Hopkins University, Baltimore, MD 21224 and *National Institutes of
Health, DHHS, Bethesda, MD.

Tumor progression involves modulation of cell adhesion, differentiation, division, apoptosis,
angiogenesis as well as migration and metastasis. We have been studying a gene family we term
SIBLINGs (for Small Integrin-Binding Ligand N-linked Glycoproteins) that are induced in breast cancer
and have the capacity to bind to and modulate the activity of matrix metalloproteinases (MMPs).
Members of the SIBLING family include bone sialoprotein (BSP), osteopontin (OPN), dentin matrix
protein (DMP1), dentin sialophosphoprotein, and matrix extracellular phosphoglycoprotein.

It is our hypothesis that SIBLINGs promote cancer progression through neoplastic expression of
SIBLINGs that bind to and modulate the activity of specific MMPs. MMPs play multiple roles in tumor
progression including: angiogenesis; processing and presentation of certain growth factors; and
metastasis. We have tested the hypothesis with both in vitro and in vivo models.

Angiogenesis was investigated in vitro using human umbilical vein endothelial cells that proliferate,
migrate, and form a network of anastomosing tubules resembling a capillary bed. BSP, OPN and DMP1
stimulated tubule formation and increased the length and branching of the tubules equal to or greater
than the positive control, basic fibroblast growth factor. The KAE variants of OPN and BSP (whose
integrin-binding RGD sequence had been mutated to the inactive tripeptide, KAE) exhibited less tubule
formation. Incubation of cells with synthetic, low molecular weight inhibitors of MMPs significantly
reduced tubule formation, while the inclusion of SIBLING with MMP-specific inhibitors restored a
degree of tubule formation. Angiogenesis was investigated in vivo using the chick embryo
chorioallantoic membrane (CAM) system The CAM is an extra-embryonic membrane formed on day 4
of incubation by fusion of the chorion and the allantois. It has a very thick capillary network that forms a
continuous surface in direct contact with the shell. The CAM model was used to test the effect of BSP
and OPN on capillary formation A radially arranged "spoke-wheel" pattern was present around BSP,
OPN, DMP1 and basic fibroblast growth factor rings, whereas no vascular response was observed in
either control (vehicle treated) or mutant KAE-SIBLINGs.

The observed effects of SIBLINGs, as well as their KAE variants, are consistent with SIBLINGs

modulating MMP activity. Thus, SIBLINGs have biochemical and biological plausibility to be playing
active roles in tumor progression in vivo.

The U.S. Army Medical Research and Materiel Command under DAMD17-02-0684 supported this
work.




